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GENERAL THEORY OF THE DOUBLE-FED SYNCHRONOUS MACHINE 
Mohammed G. El-Magrabi 


I. INTRODUCTION 


The double-fed synchronous machine has some special characteris- 
tics and poses an interesting problem from the theoretical as well 
the experimental point of vfev. The term double- fed synchronous ma- 
chine (d.s.m. ) stands for ;hree-phase machine, the rotor and stator 
of which are fed with currents of the same frequency. The function- 
ing of the machine may simply be conceived by the following qualita- 
tive considerations. Any chosen type of electrical machines func- 
tions by the existence of two circulation waves (m.m.k.) which are 
relatively static and constantly remain in step. This condition is 
necessary if an energy exchange should take place between the elec- 
tric channels and the mechanical channel, otherwise, the mean torque 
and as such the transferred power is nil. In machines without direct 
current generation, the energy can - according to the respective con- 
ditions - be exchanged between one and the other two of the three 
channels, i.e., the mechanical and the two electrical channels which 
produce the two circulation waves (flux). In the case of the d.s.m., 
rotor as well as stator carry three phase currents of the same fre- 
quency. The effect of the stator currents on air-slit flow is iden- 
tical to that of a circulation which is roughly of sinus shape with 
constant amplitude, and which rotates with a constant velocity 

<»> ■ / 

" " "T 7 " r /min (fa frequency, p= amount of polar pairs) in one direction 

which depends on the phase sequence of the currents. In a similar 
manner a circulation is produced by the rotor currents. It rotates 
with the same velocity in relation to the rotor body. The phase se- 
quence of stator and rotor currents is chosen in such a way that the 
rotor flux is opposite in relation to the stator body. If the rotor 
is turned with a velocity of 2n r/min. in the direction of the stator 
flux, both flux waves will relatively be static and keep each other 
in step. In this case the energy flow between the mechanical and 
both electrical channels is possible. Once both flux waves are in 
step, the machine will - under stable conditions - rotate with a 
fixed velocity of 2n quite independent of the conditions which 
are imposed on the mechanical system. These conditions will deter- 
mine magnitude and direction of power transfer between the machine 
and the electrical system. 

The general characteristics of the machine show that it forms an 
intermediary stage between an induction machine and the normal syn- 
chronous machine. Fundamentally, it is similar to the induction ma- 

* Numbers in the margin indicate pagination in the foreign text. 
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chines in the fact that it consists of a three-phase stator and a 
three-phase rotor. Likewise, the main field of the machine is pro- 
duced by alternating currents (power-producing currents) , and no 
external direct current source is necessary to produce and maintain 
the field. In its behavior the machine rather resembles a normal 
synchronous machine, since it runs with a fixed velocity which is in 
a fixed relationship to the frequency. Thus, a tendency to oscillate 
exists and synchronization with a net is necessary. 

Literature so far has called the machine a double-fed induction 
machine. Actually, no energy exchange by induction processes takes 
place. Strictly speaking, the term thus is incorrect. This is why 
we use the term double-fed synchronous machine. 

A detail of the machine in which it differs from all types of 
electric machines is the fact that electric power is supplied with 
one frequency and changed into mechanic power - in the motor case - 
within the rotor as well as the stator , in the generator case it is 
produced within both with the same frequency. From this fact a 
certain saving of material becomes obvious. 

The basic idea of the d.s.m. stems from the year 1899. At that 
time Prof. Kloss mentioned the idea in a German patent 1) . Indepen- 
dently, a short note was published at the same time by H . Grob , which 
deals with the functioning and characteristics of the d.s.m., but 
neither an experimental nor an analytical work was mentioned. The 
next publication was by E. Ziehl (1905) who undertook a theoretical 
and experimental study of the machine. He also showed for the first 
time the possibility of generator operation of the machine. The 
first detailed analysis of the machine was published by 
J. Tscherdanzev in 1926. The parameter he used was the phase angle 
between terminal voltage and induced voltage (which in the case of 
the ordinary synchronous machine is known as output angle), and as 
a result got the equations of the machine as function of this param- 
eter. He treats only the very simple case of a symmetrical machine. 

In the studies of Dr. E. Messing on the common double-fed in- 
duction machine, he treats the problem of the symmetrical double-fed 
machine by using the angle between the two flux waves in space as pa- 
rameter. 

In 1935, Prof. Kloss together with Dr. H . Steudel , edited an 
article which explained the action of the machine as well as a method 
to remove its tendency to oscillate whenever operating on heavy 
current. 

All research so far mentioned was limited to the studies of 
parallel and series connection of the "symmetric machine”, i.e., with 
identical number of turns and identical constants of rotor and stator. 
This is hypothetical, since this cannot be reached by the best con- 
struction of the machine; it can never occur in practice even if 
planned. The only two analyses of assymetric machines were done by 


1) See bibliography at the end. 
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T. Herschdorfer (1932) for parallel connection and by Brailowsky (1944) 
for series connection. Both used the rather traditional parameter, l.e. , 
the space angle between stator and rotor flux. Calculating the ma- 
chine as to its results takes a large amount of effort. Additionally# 
the solution of the parallel connection (which is the more difficult 
case) given by Mr. Herschdorfer was incomplete# since certain approx- 
imations were made to calculate the circle diagram and pull-out 
torque . 

In the present research we studied the very general case of 
double-fed synchronous operation# stator and rotor of the machine 
having asymetric constants and dissimilar number of turns and 
fed by voltages of different magnitudes and phases. Both# motor and 
generator operation are studied. The main equations are developed 
first and the generation of the common field is studied. After that, 
combined time and space vector diagrams are set up which enable a 
clear physical view of the behavior of the machine in various situa- 
tions. The main equations are solved purely analytically# after- 
wards equivalent circuits of the machine are given and impedance and 
current diagrams are constructed. As special cases of the general 
theory solutions are given which were developed by various authors 
for the special cases of parallel and series connections. Based on 
the obtained analytical results# the characteristics of the common 
d.f.s. operation are explained. It is further explained how they are 
influenced by asymmetry of the constants and voltages# and improved 
by a suitable amount of voltage asymmetry. Finally# the theoretical 
results are confirmed by experiments on various degrees of assym- 
metry. 


2. GENERAL ANALYSIS OF THE MACHINE /8 

(2.1.) Development of Main Equations 


Introduction: in every closed circuit of the machine the follow- 
ing law is true at any time: 


— u — lli + 


^(W+rjr.ij 


(I) 


where : 

u * momentary value of terminal voltage. Volt, 
i * momentary value of current in the circuit# Ampere. 

R * circuit resistance# Ohm. 

L = self inductance circuit# Henry. 

Mi# M2#..M n * counter inductance of the circuit and other circuits# which 
are magnetically coupled with the circuit considered, 
Henry. 

il# i2#»*in = currents flowing in the other magnetically coupled 
circuits. 
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There are six electric circuits in the machine, three In the 
rotor and three in the stator. The six circuits are coupled magneti- 
cally and each one of them has resistance and self inductance. The 
counter inductance between each phase of the stator and each phase 
of the rotor varies according to the relative position of both 
phases. It reaches a maximum when the magnetic axes of both phases 
coincide, whereas it equals 2 ero when both axes have a shift of ” . 

Self inductance of a phase of the stator or the rotor as well as the 
counter inductance of two phases in the stator or rotor are not 
actually absolute constants, but change due to the change of iron 
permeability and the fluctuation of reluctance of the magnetic circuit 
which is caused by stator and rotor slots. 


In the following calculations the self inductances as well as 
the counter inductances between rotor or stator phases are con- 
sidered to be constants. We also presume that the counter in- 
ductance coefficients between each stator and each rotor phase change 
in the ratio of the cosine of the angle between both respective 
axes. The iron losses are for the present neglected. 

Development of the equations: Fig. 1 represents the general case 
in which six voltage u Su , u Sv , u Sw , u ru , u rv and u rw are applied to 

the six phases of the machine. Fig. 2 represents the relative posi- 
tions of the magnetic axes of the six phases at a chosen point of 
time t. 



Fig. 1 

Using Fig. 2, the application of equation (1) to the six phases 
results in the following differential equations: 


- K + ll [ K. + («,. + »„.) At.. + i, m M r , cos s 

+ * r ..V„cos (*+'*)+!,. + 4 * J j 

K.+j t | \ />„ + <«,. + ) M, m + i, w !/„<• os 8 

+ + «,„.»/„cos|8 + J 

’ “ *«• ^ J t*„ + (*., + *..) At.. + i r> Al r . f-osS 

+ ‘r. Mr. j + + 4 ” j | 


( 2 ) 
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Wf. = I { t + 'I, |'r. !‘rr (*r, + »,„) M t, + *«. 

+ |s + “* j + » x- M„i'i IN + 4 ." | j 

'®f, a | ^rf 't' (*f, *f, ) ^rr ^»f ,:l 1,1 ^ 

1 ( S + :D + ( s + 4 ;j W ) ] 


+ i, m jW„c<w | 


<») 


where : 

Rg , R r « resistance of a rotor or stator phase. Ohm. 

L 88 , L rr “ self inductance of a stator or rotor phase, Henry. 

M ss , M rr « counter inductance between two phases of stator or rotor, 

Henry . 

Mg r , M rs « maximum of counter inductance between a stator phase and 
a rotor phase, Henry. 

if iv Rotor v 

direction of rotation /IQ 

— Oi ftoforT 


U V Stator w 

Fig. 2: representation of the axes of 
the six machine phases (phase 
sequence: U - V - W for stator 
and rotor. 



The six simultaneous differential equations (2) and (3) refer to 
the momentary values of voltages, currents and velocity, thus re- 
presenting the machine in all the various stages. 

It is clear that the angle * has the value 

A * j oi r d/ ( 4 ) 


where : 

w, = electrical angle velocity of the rotation at time t. 

For normal operation in a stationary stage as d.s.m. all voltages 
and currents should be sinusoidal and of identical frequency . They can 
then be expressed as follow: 
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«■*. = ^««» < + <*„- ""I 

«*„= </>n («! + «,- 


« f> ~ // f Min (a> f + <*,) 
u ft = f/ f wn ^wf + a,— j 

« r ,= U r Mn t + *,- 4 *) 


= -/^in (<«<-t-A„) 

» */»nin (o»<+A,,- 2 "J 

= */,«»• (w/ + A,- 4 ;i *j 

i rm -* */ r sin {to 1 4* A f ) 

*V. * «/ r 8itl + 

i f " = </ f «in +A f — 4 j ,, | 


Under these conditions the rotor would run with constant ve* 
locity 2<« and equation (4) can be expressed as follows: 

& *r i 2wdt * 2oii + 


where: (an arbitrary constant) 

Substituting relations (5) and (6) in the differential equa- 
tions (2) and (3) and developing the trigonometric functions , we 
get the following equations for the stationary stage: 

-v* * («*+«.) 

* f ( t'x » - (tot 4- A J -4- ;<u J r M fH j cos ( 2 w/ + 8 0 ) sin (u>l 4* A,.) 

+ cow |2 oj/ + S 0 + sin + 

4* ww + j sin 4* A f — H )] 

* l H m -f jw(L M - M J ) J J A sin (tu / + A A ) 4- j <*> J r *[” | sin (HwM- 8 0 4- A r ) 

4wn( - w/ -i>o + A f )4' + A r - ^ | 4* sin( — mi — 8g4'A r ) 

4- sin |.*t 4*8 0 4* A r — ^ | 4* sin( — wt - & 0 4 A f )| 

:\M 

= ( A', 4- ; <ii ( - 3/*J| *7^ sin (ui / 4- A J 4 - /w •/, fM sin ( - wt - 8 0 4* A r ) 

It can be concluded: 

- 6 >in(<i*f 4 aJ =* ( L„AJ U : in (wl+X* ) -ju> i 8 0 -A r ) 


likewise : 


owawM- Mj* » 

OfPOOR QUW-ITY 


( 7 ) 


(H) 


-l/,Kin =1/^1 /’***•/, jt/jHiii |wli j 

-U,Mt\ ^«4<f =| j -;«*•/, A/jttiii |w/ I So - ^, - .j ) 

-L r r sin ( a> 1 1 *t ) ** [ll r ) I A,) -}atJ K MjMn(u>l\& 0 -\,) 

-UfHin sz[lt r \ ju} L„j]J r * i»^a./|A,- j ^ 

where : 

/ v j (/<„. 3/j * cyclic inductance of a stator phase 

I J rr j (/>„ M rr ) * cyclic inductance of a rotor phase 

M , \M„ ■■ )M,. * mutual cyclic inductance (between stator and rotor) 

Taking any two equations of (7) and any two equations of (3) into 
consideration, these four equations can be solved for the four un- /12 

known J„J r A, and A, . Since all components in these equations 

change with the same frequency, it is of advantage to first express 
them exponentially. We use the following expressions: 


U. - 

11, - />>■*' 


X = J.‘ JK 
X -* 


<») 


Equations (7) and (8) thus are changed into the following: 
Stator : 


U - l ' iW> '•* (K+jot Awj) 3. ,,iut - jotMjX *“*** * Xi 


II Jtut "1*1 


jW j 


4w 




4* 


Rotor: 


u,f>^ -- (Jt r +/utJj„ J )x >,,ud - jut .VjX ,JU, '‘ i{i * 


(i ; ») 


- i 




u> * <’* •KK+i*K A \X** ' v -i«\t A X* lv *' ,i * S** lK> 


-X^' 1 -(//, > ju l L„ J )X' ,ud < J '* - jo, M jX‘^< j ‘‘V ,4 “ !A *’ 


(ii) 


The results are the main equations: 

-11. - (lt.+ jo>I<„ J )X-i“M jl' iA :A ‘‘ 
- II, - ( K l‘~j IX- i- J/ j Cl. ' SK> 


(12) 

(13) 
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It is clear that equation (12) can represent any equation of 
(10)/ likewise equation (13) can represent any equation of (11). 
Thus, equations (12) and (13) are mathematically sufficient to 
express the machine under all possible stable operational stages. 


(2.2.) Physical Meaning of the Main Equation 

The effective and the blind component of stator output per phase 
equal the real or the imaginary part of the product U.3,*, , where 

represents the conjugated vector of . For the stator we thus 

get: 


U,V ( K, i /'•* ^..j) •/,- 1 j «» Mj *•> 

“ l'„j J,* + ; M j J, J, con (5 0 -A,-A,) 

- w Mj J, J,»in (5q -A, - A,) 

U. 0/ » | - •/,* It, - o> M j J, J, Min ($ 0 - A. - A,)) 

+ 1 l j* 1 + w Mj J, J,vm (£„ - A, - A,) J 


a i 


likewise for the rotor: 

U r 0 r * =» l - J, 1 It, - <U Mj I, J, Kin (S 0 - A, - A,) | 

+ J*+tu Mj J,J, cok(S 0 -A„ - A,)] 


The effective output of the stator per phase thus is: 


• \ - - •/„* It, - o> Mj J , J , him Y' Watt 

and of the rotor: 

l\' - ./,* It, - w Mj J , ./, Kin V' Watt 


(Hi) 


where : 


V-K-K-K 


(17) 


Since the two quantities and are equal to stator or rotor 

copper loss, equation (16) results in the fact that the inner or 
electromagnetic output of the stator and rotor always have the same 
direction, which is: 


/*. /' - — w M . J, J, sin V / WaLt/TliaMo. 

The inner output of the complete machine is: 

/', - - ti ui M jJ.J, tun Y* Watt (IK) 
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For certain values of stator and rotor currents equation (18) 
shows that the inner output of the machine only depends on the size 
of angle y and not on the various sizes of the three angles 
and a, . 

For the motor case : <* < Y < n 

and for the generator case: v<Y<2*. 

if currents of certain magnitudes flow into the machine, it 
is always possible to shift the stator currents against the rotor 
currents in time, more generally expressed this means: *• and A, 
can be varied infinitely and independently from each other without 

causing any influence on output, torque or power factor of both 
sides, as long asV r > J> 0 - A, ~ A,remains unchanged. The following study 
of angle Y shows how this condition is fulfilled. 

The mutual inductance between phase U of the stator and phase 
U of the rotor is expressed by 

a a COM (2 + A„) 

*o represents the angle (in electrical degrees) which the rotor 
describes from the time when the magnetic axes of phase U of the 
stator and phase U of the rotor lie below each other until the time 
t ■ 0. Since the~mutual inductance changes according to a cosine 
curve with double net frequency (Fig. 3), the angle equals 

half of the angle which the rotor describes from the time when the 
magnetic axes of two respective phases coincide up until the time 
when i 8u equals 0 (is increasing). Likewise, the angle |^_a,} 

equals half of the angle which the rotor describes from the time when 
the magnetic axes of two respective phases coincide up until L r u * 0 

(is increasing). The output of the machine only depends on the sum 
of these angles, i.e. angle Y . According to equation (17), equa- 
tions (12) and (13) are written as follows: 

- 11, - (It, + jut L^)J - jutMjJ r r>*»»W (1M) 

-U, - dt f + jut L„j)J r < iK - ji»M a J,r*t** ( 20 ) 

We now assume that the machine runs with a constant torque (and 
thus a constant output). If angle «, is changed by J« f , equation 

(20) is only fulfilled if K changes evenly without variation of 

J r . •/. and y . Equation (19) then also holds true. Furthermore, the 
product 11,. 3,* is not changed and the blind and effective output of 

rotor and stator are not influenced by it. These stages can be 
reached in practice when the stator voltage is kept constant and the 
phase of the rotor voltage «, is changed. As long as the two sides 
of the machine are considered separately there is no effect, the 
phase rather shifts evenly into the rotor current phase V 
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It is interesting, however, to watch how the machine adapts to 
the new situation. Since . A, and y remain unchanged, equation (17) 

shows that 8„ changes like V • The two angles | s «~A,Jand 
change by + or 

According to the above-mentioned importance of these angles, it 
is clear that these two changes can only take place due to a 
momentary change of rotor velocity. Thus, both magnetic axes of the 
phases U of rotor and stator will coincide at different times in 
respect to the cyclic change of both currents. The momentary change 
of rotor velocity results in a shift of the rotor position in respect 
to a synchronously rotating object. This effect equals the one 
occurring in normal synchronous machines whenever the generating 
current is varied. This shift of rotor position shall have the value 

A a, in electrical degrees. . Fig. 3 shows the phase relation under 
such conditions before and after phase shift Aa. T of rotor voltage. 


(K-?) 




xr/f 




J s sin(u>t tAs'j 


J r s/nfco / *X r * Aec r ) 


J r s/ n(u>t +A r ) 


H Sr cos {zcut + 


fts r C0S ( 2UJ t * 


#-4 


Fig. 3. Influence of phase shift of the rotor voltage. 

Before shift After shift 

a = Magnitude of shift 

l " = The moment when the magnetic axes of the two phases 
lie below each other before or after shift. 


Thus, it is clear that the phase difference between stator and 


rotor voltage has no influence on magnitude and relative phases of 


all quantities of stator and rotor. However, it determines the 


relative position of the rotor body ip respect to a synchronous! 
rotating object . This shift of the rotor body is clearly demonstrated 
when the rotor is supplied with a stroboscope disc, illuminated with 
net frequency. When the phase angle between stator and rotor 















voltages is changed, the seemingly immobile figure rotates evenly. 


The main equations (12) and (13) express the relationship be- 
tween machine currents and machine voltages when applying mutual 
cyclic inductance and the complete self inductances of the turns. 
Calculating the alternating current machines, usually not the 
complete self inductances are used, they are rather divided into 
two components; one which is effected by the mutual flow ("air- 
slit flow") , and another which is caused by stray flux. Thus, we 
use these familiar constants. 


Where : 

4, s stray inductance of stator per phase 
4, = stray inductance of rotor per phase 

= effective number of turns of stator per phase 
H' f = effective number of turns of rotor per phase 


The following relationships between the old and new cons i - ants 
are valid: 


4j -4... /1‘Vr 
4<d ~ 4, \ ^ t) 

Mj = V(4,j - 4.) (4rj ~ 4,) = (4« j ~ 4.) 


( 4rj ~ 4,) 


w. 


( 21 ) 


Thus, equations (12) and (13) are re-written: 


-IL + 

( 22 ) 

u, ( /•’, h i AJ4 


where : 

If. 



A„. <» 4. 

A„, =-• <* 4, 

A flt — = equivalent mutual or magnetizing reactance 

reduced to stator. 

X u,{L„ j - 4 .) = equivalent mutual or magnetizing reactance 

reduced to rotor. 


4 and 4 are the induced voltages per phase of stator or rotor 
which induces the mutual air slit flow. They are proportional to 
the effective number of turns. This can quite simply be recognized 
from the equation (23) : 
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** yy a * n (^0 _ ^r)J ~ 1 |^« ^/i 4 COs K~**r ^#4. ^ C08 (®0‘“\‘)J 

E, - |G.| - X" | h* + J* ( [y 2 -2^J r ( |J/) cos V 


likewise: 


Er - A’„ |/ J r « + J.* ( [[/) 2 - 2 J, J. ( }£) cos ¥' 

- A-* J; l^.’ +•','(£)' 


*ej{J 0 -z \ ) 



(*ryx+) 


axis of reference 


f#c e j(<} 0 -zlr) 



.y"j e j(<C-2*r) 

*.<w, e 


Fig. 4. Vector diagram of two corresponding phases of the rotor and 
stator of an asymmetric machine which is fed with voltages different 
in phase and magnitude, (motor case, -u, and ~u r are terminal voltages 

drops, *„-» assumed) . 


thus: 


E, A’ m , M r _ H, 

A’ r A„ IF. I» r 


The vector relationships expressed in equations (22) and (23) 
are represented for the motor case in Fig. 4. Stator and rotor 
voltages are assumed to be of different magnitude and phase. 


It is evident from equation (23) that the two parallelograms, 
the sides of which are: 

[a.» «<*-»*>] or [«„ -8. 

are similar in a ratio !?’ r . But it is also important to notice 

• r s 

that the five phase angles in Fig. 4, i.e. , <* r . K> K and are 

measured from any chosen axis. The diagram thus can be simplified /19 

by assuming that one of these angles equals zero. It is furthermore 
possible to reach another simplification: It has been shown earlier 
that the phase differences between stator and rotor voltages do not 
have an influence on the magnitudes of the currents and phase differ- 
ences compared to the corresponding voltages. These magnitude and 
phase differences only depend on the magnitude of the voltages and 
the demand conditions. A change of the phase angle between 

tt, and U r thus rotates the two frameworks (-U g , (*,) and (-Ur. Sr. <*,) 

against each other. When we now assume that this phase angle is 
chosen in a way that (5, and £ r are in phase, the vector diagram is , 
simplified as shown in Fig. 5. In Fig. 5 8 0 is assumed to equal zero. 



Fig. 5. Vector diagram for the same conditions as in Fig. 4, with 
and in phase and 
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The angle between - U„ and - U, in Fig. 5 is the angle necessary to 
bring and e f in phase. The same diagram can always be used even 
if the phase difference between -\\, and -u f differs from the angle 

shown in the diagram, as long as the real time phase relations be- 
tween rotor and stator vector are not deduced from it. If one wants 
to consider these relationships, the two frameworks constructed from 
IS„) an d (~U r ,a„(J,) can be rotated against each other until the 

angle between -tt, and- U, has reached its real value. Its last posi- 
tion has no influence since it only determines the arbitrary axis of 
reference. 



Fig. 6. "Two-sequence" vector diagram for motor operation, _\i, or -u r 
is the drop in terminal voltage. 

A simple time vector diagram which is especially advantageous 
for connection with the space vector diagram, results from the phase 
shift of 180° of one side of e.m.k. (sic) and the formation of the 
other vector of this side in inverse sequence. "Two-sequence" 
vector diagrams of this kind are shown in Fig. 6 and 7 for the motor or 
generator case. 



Fig. 7. "Two- sequence" vector diagrams for generator operation. 


(2.3.) Flux Waves and Generation of a Common Field . 

Introduction: Here we will study in detail how the "air slit" 

field is generated. 

The ampere turns of the three phases of rotor and stator each 
generate a synchronously rotating m.m.k. or flux wave . We neglect 
the harmonic waves and assume that these waves vary in space 
according to a sine function with a constant amplitude. Since the 
two induced voltages jcj and|is r | are proportional to the turn ratio, 

we consider them as produced by one and only one flow wave having 
a constant amplitude and rotating in the same direction as the rotor 
with half its velocity, so that it has the same relative velocity in 
respect to stator and the rotor. Furthermore: by the selection of 
phase sequence and rotor velocity the two d.f. waves of rotor and 
stator are immobile relative to each other. They rotate with the 
same velocity, i.e. , half the rotor velocity in the same direction 
as the rotor. It is clear that the flux waves of rotor and stator 
can be treated as space vectors and thus can be combined. This 
results in a flux wave which produces the mutual or "air slit flow". 
This flow <|> is then responsible for the induced voltages C, and e, . 

Harmonic waves of the flux as well as iron saturation are 
neglected. 
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Combination of the Flux Waves 


The flux wave of a phase in a three-phase machine with dis- 
tributed turns resembles a trapezoid figure as shown in Fig. 8. 



uinr irirul 


Fig. 8. Flux wave of a phase in a three-phase machine with dis- 
distributed turns 

Its maximum value is: 


qz s -i 


A.W./l’ol 


where : 

i * momentary value of the current of a conductor 
q = amount of slots per pole and phase 
zn = amount of conductors per slot 

This wave, of course, is stationary and its amplitude varies in 
time according to the current. If the coordinate system passes 
through zero, the following Fourier series for the height f of the 
wave at an angle location y is reached: 

1 = rr • ' njd ~ ( 8UI y + • • + sin ny) 

The fundamental wave of this sequence thus has an amplitude of: 


7 r- 


A.W./Pol. 


( 24 ) 


In order to be able to combine the flux waves of stator and 
rotor we have to consider the fact that these waves move in opposite 
direction as compared to stator or rotor. The stator flux ft, rotates 



with an angle velocity <•> in respect to the 
static stator, likewise the rotor flux ft, ro- 
tates with the same angle velocity in the op- 
posite direction in respect to the rotating rotor, 
whereas the rotor body rotates with an angle 
velocity 2 <■> in the same direction as ft, . 

These conditions are shown in Fig. 9. 
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r^r 


ORIGINAL PAGE IS 
OF POOR QUALITY 


It is then clear that in relation to a stationary observer both 
ft and ft rotate counterclockwise with angle velocity w . In re- 
lation however, to an observer who rotates counterclockwise with 
angle velocity <>, , both ft, and ft are stationary, whereas rotor and 

stator rotate counterclockwise or clockwise with angle velocity «» 
These conditions are given in Fig. 10. If the two flux waves which 
are stationary, are combined, one flux wave results. (Fig. 10). This 
produces the air slit flow whose induction b is shown in the sine 
curve of Fig. 10. 

If we let the coordinate system pass through zero (Fig. 10), the 
air slit induction at a place r drawn from zero, will be: 


where : 


II n,„ sin T (2ft) 

Bjn = maximal air slit induction. 


}- r — 1 
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We now measure the time from the moment on when point a in the 
rotor is directly below 0. When point a in the stator is at a place 
with an angle shift £ to the right of 0 at the same time. Fig. 10 re- 
presents the relative positions after t seconds. At this very moment 
(shown in Fig. 10), the induced voltages and the currents of the six 
phases U, V, W of the stator or U, V, W of the rotor shall be 
expressed as follows: 

Induced voltages of the rotor: 


£ r sin w t , A’ r ain | t>i / — j , E r sin |<» I — ^ j 

Rotor currents: 

J r sin (cu t+fl r ), J r . sin |to t - + ft r j , J r sin t - 4 ^ + ft r j 

Induced voltages of the stator: 

£ ( niu(to/-f y ) , A',nin^to/ i #/— j, A'.aiii »/ - ^ J 


/( 26 a) 


(20 b) 
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Stator currents: 


J,sin(u>f + y+/J,) , •/.,«»> m .y “ 3 +Ptj 

where : 

fir or fi a * phase angles between induced voltage and the 
current of a rotor or stator phase. 

(0</s<7 r for leading current, 
o >fi>-v for lagging current. 

Now the peaks of the fundamental wave of each phase lie in 
the axis of the corresponding coil, and its amplitude is calculated 
from equation (24) . At the considered moment these amplitudes then 
have the following values: 


Rotor : 


K r sin (w / +fi r ) , A, sin +fi r j , A' r sin + fi r j 


Stator : 


Where: 


K,tun(ait+y+fi g ), A,8in|o»( + y- +/3 1I J , K t sin^wt+y- + A>) 


K t = ° 7r «nd A, = 0 q ‘ ‘ J * 


This results in the flux produced by the three rotor phases at 
a position in the air slit: 


/24 



•sin (w t+fi r ) sin (coJ + t) + sin — 
+ sin - 


2l7 


4 7T 
3 


fir} 8 'n ( 
fir) sin | 


U)t 4* T — 

U>t 4* r — 



It can be concluded: 


/, = i A r cos (T- fir) 


(27) 


The flux produced by the three rotor phases at a place b in the 
air slit also is: 


/, = A t ^8m(<tt<+y+/S,)sin(-<wt-y+r)4 sin fibrin 3 ■* T ) 

+ sin + y~ 4 y + fi,j sin + 4 J , +' r j j 
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This results in: 


f , « - g A',COh(t + &) (28) 

The resulting flux f c at a place b then simply equals the sum 
(fr + f s ) and according to equations (27) and (28) thus is: 


/«“/r + /. 

=* t A',coh(t-/?,) - A' a c<w(r-f A,) 

/« « a; cos(t- />’.* - F,coh(t + #„) (29) 


Where: F r * amplitude of the complete rotor flux wave 


a 


A', 


77 “ 
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F s = amplitude of the complete stator flux wave 





Presentation of the Field 

Equation (29) is independent of time (which is to be expected) 
and of Under certain ouput conditions, f c only depends on r , 
i.e., the position of the observed point in relation to the observer. 
It has been shown (22) that the phase shift between rotor and stator 
voltages has no influence on the quantities J„ ft ft, . It 

does, however, influence £, since £ is the phase angle between 
(?. and (as can be seen in expressions (26a) and (26b)), Equa- 
tion (29) and the absence of £ in it show that all quantities in 
this equation are independent of the phase angle between stator and 
rotor voltage. It can be concluded tnat neither the magnitude no~ 
the relative positions in space of stator, rotor and combined flux 
waves depend on this angle, but rather only on the magnitude of tKe 
voltages and output conaltlons T 

Neglecting the magnetic saturation and loss of iron, induction 
B in every position in the air slit is proportional to tha cor- 
responding value of f c . Since B varies in space accoxdiug to 
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formula (25) , f c can be expressed by the following formula 


r 


f e = F f sin r 


(:»») 


where f c represents the amplitude of the resulting flux wave, 
identity of equations (29) and (30) results in: 

F r sin r l'\ c<is (t -ft r ) - F n cos (r I-/I,) (iU) 

A'„ sin r A’, (con < con ^ | sin r sin /},) i ••on sin i sin /(„) 

= cos ft r - F, cos /(,) (tos r + ( A’, sin ft, -t- A’, sin ft,) sin t 


Page 26 and 27 missing in original 


The 
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This excess is necessary in order to compensate the de-magnetizing 
effect of the lagging currents which the stator supplies to its net. 


The space vector diagrams can be combined with the two-sequence 
"vector" diagram developed in part (2.2.); this is shown in Fig. 12. 

Such a combined space and time vector diagram has the advantage 
of combining all vector quantities in a simple diagram and represent- 
ing the relative positions in space of the flux waves for any chosen 
magnitudes and phase positions of the currents. The vectors of the 
terminals and induced voltages which connect currents and flow </' 
of the coil, are time vectors and must be looked at in the right 
sequence indicated by the arrows. The vectors of the three flux 
waves and of induction B are mainly space vectors ; they can, however, 
also be regarded as time vectors (in respect to stator or rotor!)), as 
long as they are regarded in their right sequence. 


3. General Solution of the Main Equations 

The main equations (12) and (13) of the machine which were de- 
veloped in chapter (2.1) can be solved for the magnitude and phase 
of the currents 3, and 3, . The solution of such equations of the 

macnine has so far only been developed for special cases 2) . The 
parameter used in these solutions is an angle which almost always 
corresponds to the angle between the flux waves. The achieved 
results and calculation of the operational method of the machine are 
complicated and incomplete in some cases. 

In this chapter the solution for the very general case of as- 
symmetric d.s.m. is developed. In addition, the complete calculation 
of the asymmetric machine will be made possible in a relatively 
simple way by the use of a new parameter. 


/29 


-U r -3r[«r+>A-., + ;A^(i - («»*) 


The resulting basic equations can, (according to equations (22), 
(23) and (17)), be written as follows: 


-11. 




^ > + j X o t -f 


; V ( | - 

M * II' 


"ii 


(34tt) 


1) This fact can simply be seen by studying Fig. 10, when equation 
(31) is superimposed. 

2) See bibliography at the end. 
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It can be concluded from the first equation 


U. 

3 . 


[ H ' + ; A «. + A * ( 1 j[ . w , ' c/r ) ] 

[«, + jX*. + - j' ’ !«*¥' + /«'»» V'})] 

( K > + A V. ‘ j[ . i»[ wn + ( A ** + A V* “ A »“ * J , . h 



Which results in: 


J - 1 ■ ( *- + -v + ( * *» - v * : J; "" *’)* <«•> 

V j\ - J ! Jl;! • R. A„ J- ": .in r + ( a„. + . v„.)= 

+ * - j;! . ^ - 2 -v < j; ; [[; y 

(:Wa) 


It holds for the rotor: 


■j\ - K* + (A„, + A'^)' + A£ • j'* ; J*; + 2 A* • £ |Jr | /<>» «P- ( A., * AJ «» Y ' ) 

(*»** I*) 


substituting: 


v. 




h; 

1 m;’ 

v / v* 

w.l - 

y | w '*r.r 

a *« 




J * h; j - 

j w --j' 
j, M- - 4 
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By multiplication with equation (35b) will be: 


V; •** K 2 * (V; <■*„.)« « A,* -%+iX" -<*;.+ A'JmsV'l 

"j* r # V 

(»«•) 

From equation (35a) and (35c) it can be concluded: 

u , J;i ^2x/' \tt.^~(X a ^xjconV] 

** J * K 2 + ( v; + A,J* + .Y *, + 2 A,.. ^ I If' Min V' - ( .v; + Ajco* V] 

results in: 

( j | - W+IA^ + ( j ) < 2 X,.' 1 *' 1 

- (1)’ [“* Ai J + «: '*** + < v - + A ->’ ! 

+ (*)• [a ;' ! -V lo (K.«..V-a..+AJc«.»'i] 


or: 


( j M ) * f 1'* + ^ <>* * * ^ + * *' l* ( 1 v s) | 

+ (1 ) • [ 2 -v ! ( + -v [> - *1] ) »•*’ j j 

+ * j(> - «I) - - -'v. !! - -■ *1 - <i (M) 

Jf 

Equation (36) is squared in ; and has the following solution: 
j. _ _ - i -m v - j .v; - * ,v„. +.v,.(i-^)]co« *] 

j/ 2 ■•»«[( *■ - *.| •*.. + .u . - “'i.wjy 

_ *i<‘-Z)-%(V + Xl+ - A„.)| * 

«;‘+A;>+f.Y;A„ + .vi(i-;:| j l3 " 


Setting the following relationship: 




it . !! - it; 


IC* + jr;« + 2A*. A^ -i A^(l - 


( Mill! 


(Mu) 


m 
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/3l 


; Y 2 

Y - 

' v u- 

- A; - A 

(i_« s 
'** \ « a 

) 

Uhm 

^; 2 + a;; -f 


+ .V>(1 

W 

V 1! 


r u 2 

f 

s 



*V 





Ohm 

+ a;; + 

- A W 

+ X M,( I 

-«*) 

«*/ 


Y- 

_ M. 


it*] 

*u* 

-K’ 



//* 

nf 1 -:;) 

- It 2 ** - 
* «* 

_ Y* 
- V 0.„2 

-'A, 

Y 

• /*< « 2 


• v *:i 

x *- x 4[-$) 


Ohm 

«;* + a;* + 

2 X ' Y 

+ A /i (* 

-"!) 
//* f 



V ^ — V' 

••vi'- 

- "!) 


ii 2 


- It' 1 fi * - 

* u* 

Y* _ 

2 A' 

v * s 


K = - r °* = - r\°* 
r 0, A 0, 


(38 b) 


(38 c) 


(38d) 


(38e) 


With the aid of these, equation (37) is written as follows: 
J' / 

j A m. = r 0 , 8in 'P-Xo, cos y ± 1/' (r„ sin V 7 - A' cos V / )2 + A A' * 

* F * U £ JL » 

= r 0 . S in¥'-A 0 .co S ¥'± |/^Hm*!P+Ar* co«*!P-2r % ^Mn Vco.!P+ * A’ 

= r 0< sin V'- A' 0j cos ± j / r^l^os^) + A'i^l-sin^)-2r 0j A' 0 sin!PcosY / + K A* 
r * ii z ** 


We also put: 


r 0 .6in^-X 0( co8^± J/^ <+ A’j; <+ *A£) -(r 0 .co S ¥' + A^sin^ 


(39) 




(»o :i )i) 


1) The positive sign is valid 

the negative sign is valid 
chapter (7.3.)). The case 
treated in chapter (5.1.). 


when 


i .v;,‘ i •• .v.; r .v,,, i v f ; i (i 


when : it? i i .v,; .v ((> i x t \ ( i . n 

when this expression equals 


and 

(see 

zero, 


is 
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r 0 ccsY^A' .sin Y' . r„ cos Y' + A 0 sinY' . . 

p,— arc sin °* , "* . s art: sm °* . °* (40 b) 

. 1'/-' j. \'2 i A V- !‘>J 

' 1 r U|4 '* U, ^ iis A |i» 

(:>^-:) 


Thus, equation (39) is simplified as follows: 


*// 


/ X ,i. ^ r o, si " V ' - A'o.oosY' 4- Ap (l .cosp, 

It can be concluded: 


yx 


M . , « ,jV ' “ ( r o. *"> ¥' - A 0 , cos 7' + A^,, cosp,) (sin Y'-y cos V') 

*'a 

as (r 0j sin- — A' oi sin V'cos V'-f A' #A(i< cosp. ( sin V) 

4- j (X M cos 2 7' - r n< sin V 7 cos Y' - A )l0i cosp, cos 7') 


= (»*, - r n, «w* V - A'o, sin *P cos V 4- A /1(U cos p, sin l F) 

4- j (A 0 , - A 0) sin 2 Y' - r 0( sin *F cos Y'- A (t(ii cosp, cos Y') 

= K - ('■„. cos V' 4- A„ sin 7') cos 7' 4- A' ( , o< cosp, sin Y'J 
+ j I A'o. - (r* cos V t A'„. sin 7') sin 7' - A,,,. cosp, cos Y'| 

= I'-fl. - | A',,J sin p, cos *F + A (1|> . cos p, sin Y / | 

+ j [ A„. - | A,,J sin p, sin Y' - A (tl> . cosp, cos Y'| 

= K. + A-„ # .sin(Y>?p.,)l + j l A'o, — A /l0t cos ( Y / + p,)] 

= (r 0i 4- j A 0 .) 4- A Mo< | sin (Y ' + Ps ) - j cos (7 / 4 pj] 


( r o, + j A' 0 .) 4- A 


/‘Oi 


, V ; Tp, , Y r 4 p, 
<K +ctg 


~j 1 - 


1 i Cto 


V Tp, 


Substituting the new parameter: 


... * 

into the equation we get: 


(41) 




/A,.,;; C^^(r 0 . 4- 7 A'o.)4-A^ 


*> / \ 

" / 1 „ “ I 

r 2 A 7 ! 4 A - 

2 A r V 

^ ix ' Jt 


I Mil# 

■ * / 


. . :/v Y 14 W**. 

- r o. 4 ) (An, A /( „) 4 . j ys 

* * 414 


-r„.4 7 (A M .-A 
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/32 


fl 

a 




By putting this relationship into the stator equation (34a) it 
follows that: 

- U. = 3, 1 (R. + r % ) + i(X 0 . + X it ) + r 2 i f :?F 1 (42a) 


/33 


where : 


A' 0j + A' (1) A' m#> 


Equation (42a) can be written as follows: 

- U, 


\Vv “ 




where : 


(42 b) 


Re, — It, + r 0 = A', + A * • M ... Ohm 

+ A7 + 2 A ! A„ + A j ( 1 - 

r ar /** V H*[ 

a„ "!-a; - a., ( i - “!) 

K - A.J+A^-A^ A^-A^I x— , , , *i*v <)hm 

AVfA„ :+ 2A 0r A (J A^(l- M3 ) 

-'/*« = 2 X IHi = ±-| »*«, + A ( -;_ + A Ohm 


(43) 


which we call " compensation constants " of the circuit. Together with 
the parameter r s they form a compensation circuit which completely 
represents the stator. This circuit is shown in Fig. 13 (after 
equation (42b) ) 





Fig. 13. Compensation circuit of the stator of an asymmetric machine. 


The algebraic sum of the output in r s and rg s represents the 
inner output of the stator (as well as the inner output of the 
machine) . The constant rg s as well as the parameter r s can be 
positive or negative. The constant Xj. g can likewise be inductive 
or capacitive. 
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The compensation constants usually differ from the true con- /34 

stants of the stator (/(„ X 0> , 2 Xj . The magnitude* of this difference 
depends on the machine constant and the ratio u , The constants ro s 
and Xi s equal zero in a symmetric machine 1) , the true and compensa- 
tion constants being identical in this case. 


It is true for the rotor: 


U r 


]t,+>x r + />r ;V 
' ' " 'v+y-V, 


(44) 


n r u . - 11 ; 

r * 1 • 3 


Ohm 


R. = R. + r 0 = R. + X* , 

»R? + X? + 2X' 0t X^ + Xl(l-l) 

Y - V Y - Y Y Y V* ^° r «- ~' 1 * * * V o,- A ; , r (l - u‘) 

/y,-+A a ;i2A 0i A /1 +A;,(l- uJ ) 

A'^= SX^ = ± 2 \ j rl+Xl + Pi Ohm *) 


(45) 


The following relationship can simply be proven by equations 
(43) and (45): 


r o. _ A 'o. _ 




X 




- = - A' 

flitr 


(46) 


where constant K, which we call " dissimilarity factor " 

Km 1 ^+A-;. + i.v„..v,. + .vi(i-“;i 
«*>+x»+4X..V+Jf»(i-3 

and equals in a symmetric machine; 


equals: 

(46a) 


Equations (42b) and (44) are the general solution of the main 
equations. They provide magnitude and phase of stator or rotor 
current (and thus output, torque and so on) for any chosen value of 
the parameter r s or r r . 

The analysis of Mr. Herschdorfer is essentially limited to the 
proof of the current circle; the diameter of this circle and the 
sweep momentum were calculated only approximately. 
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1) The term "symmetric machine stands for a machine with x «,= x a , 

and u-u (see chapter (1.7.)). 

2) The positive sign before the square root is valid when: 


4 






is > 0, and the negative sign is valid when: 

is < 0. 
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After the equations (42b) and (44) we can, in a very simple way, 
exactly calculate all characteristic quantities of the machine and 
also determine the circuit exactly. 


Inner Output and Torque : 

With the aid of the compensation constants we can write the in- 
duced voltage of the stator as follows: 

- -3. k + i X „ + J («•• (22), (42a) und (43)) 

I T a * / n„.\ 


The effective or the blind component of the inner output equals 
the real or imaginary component of the product 3,* <£,• . According 

to the above it is: 




This results in the effective component of the inner output of the 
stator per phase: 

r.X 




From equation (42b) it can be concluded: 


Thus: 


• 4 * 


/;* 




r** 

— . 

H 

+ 

r * x i. \ 

r * + x it, ' 


r * x l. V 

!• / V j f ^ 


1 x l. f 

> r.’l 

x l 

• r* 

• r «. X 'L 1 r - 

X L 

)• (X fi -f A ,,J 

*\+ x L<f‘~ 



Since Pi s = p i r » the complete inner output of the machine is: 


n- -•«/.* . '*’■■■+ - v i. <'»+’•.) . Wal , 


( 48 ) 
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With the equation (48) the inner output for any chosen value of 
the parameter r s can be calculated. 


The torque of the machine results, it is: 

M <t = 0,975 ^ m-kg 


3f^ = 


5,85 Iff 


r n, r »* + ( r o, + r «) 


* rf ( + (A',, + A, t J-] + XI, ( A;, + A*. + 2 r, IQ 


m-kg (49) 


where: n = rotation, t/min. 

The sweep momentum of the machine can be calculated, when: 


MM,) 


or: 


< A X + 2 ^ r «.) -IV { l{ l + ( A „ + A ( ,J=} + A;„ ( 11-" + A* ( + 2 /fj | 

" I '•«. (tf + A 2 J + r s \'l | • 1 2 r, { A*;. + (A,., + X^f) 4- 2 H r> X ^ | = 0 

The squared equation in r s has two solutions : 

= - A + M (50a) 


r, = - A- H (50 b) 


A = 


li = ' 

•> 


r 0 ,A ( ,jA M . ( + 2AJ 
A*; < + (A, < +A /1 J 2 -2r 0 ,A,-2< 

v j| / («? 1 + A 8 J(/^-M A,. -I- A (1 ..P) | A., A,,..- //?.+ £)| 


^, 4 '(A,, + A /fw )*— 2r 0t A, ( - r u, 


Equations (50a) and (50b) give the value of the parameter for 
maximum torque. Equation (50a) refers to motor operation, whereas 
equation (50b) refers to generator operation. By substituting these 
values in equation (48) or (49) , the maximum inner output or the 
sweep momentum of the machine are obtained. 


We now want to determine the two values of the parameter for 
Pi = 0. This condition is met when: 


/37 


r c. r > 2 + A;^ (r 0< + r„) = 0 
f - 2 'o, + r s Xl, + r „,AX = 0 

-A 2 + VA'i - 4 r l it Xl 
T * ~ 2 r 
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(51a) 



(51b) 


From equations (51a) and (51b) it is evident that r 8 ^ and r 8 £ 

always have the same sign which is opposite to that of rg s . Further- 
more, |rj in practice is always much smaller than|X M J ana thus we 

see that |r 5| | is very large whereas |rj is very small. r 8 ^ actually 

refers to the ideal no-load operation (without iron and friction 
losses) , whereas r S 2 refers to a stage of operation during which 

the two flow waves ft, and ft, are in exact opposition - in the case 
of an asymmetric machine - one of them is solely magnetizing and the 
other solely de-magnet i zing, whereas the currents are perpendicular 
to the respective induced voltages. This state will be treated more 
explicitly later. 


4. The Graphic Theory 


With the aid of compensation constants we can develop a useful 
model of the machine. The solution for stator current is, according 
to equation (42b) : 


&- 


-U. 

R 4-iX x.'VV 

'• + tX « + r,+ yx 


Mm 


substituting: 





we get as compensation impedance of the stator: 

r * + ^V» 


Hf, * i 'V, i i 
r, ■* jX. 


<52< i) 


likewise for the rotor: 
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K+jX'.+ i 

9 T 


I 



(52 b) 
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It is clear that the circuits given in Fig. 14 represent this 
impedance completely: 



Fig. 14. Compensation circuits of an asymmetric d.s.m. general case. 

Since we have reduced the solution of the main equations to 
this simple form no further proof is needed to show that each of 
the currents ft, and ft, have a circle as geometric locus. It is 
obvious from these known circles that the impedance vector or 
3,, describes a circle when r s or r r varies from -co to +<*> . It 

can be concluded that the geometric locus of the current or ft, 

also is a circle (as inversion of a circle) . This impedance or 
current circuit of the stator is represented in Fig. 15. The im- 
pedance circle is first constructed after equation (52a) . By 
inversion of this circle around zero, the circle of the stator- 

compensation admittance %, = ^ results. By multiplying the 

circle with the vector ju, > the ft, circle results. Of course 
similar circles apply to the rotor. 

The coordinates of the centres or radii of the various circles 
can be calculated directly. They are: 


Coordinates: 


Kudiun; 


Stator impedance circuit; 


x - It, 


A, 


n - X 4- 

A' 

k = r 


(r,3a) 
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Coordinates : 


Rohr- impedance circle 


Radius: 


*« li, 
r * 


X 




R = 


Pr 


(53 c) 


Coordinates 


Kadiu.s: 


* = U r - 


y - U r ' 


Rotor- circuit 

V 4 . 

- A <v + jj 

«... 

Ri,+ xt r + x, t X M " 


A 


* " /f t+A’ ^+A^A^ 


(53d) 


Determination of Inner Output and Torque: 

According to equations (16) we write the relationship between 
terminal output P kg and inner output P is of a stator phase as 

follows: 


T 1 


m 




M '(/S'*! 


or 

a 


i \ 


I**? 


■a. 


2* 




l> k .~l\,-J*R t 
1 i. = - v, J t cos y* + J* 

<?,' stands for the phase angle between 
the current vector 3 , and the terminal 
voltage drop — 11 , of the stator. This rela - 
tionship can also be written: 


V. 


Jm* ~ J{ " J, CO* <?,' = 


. _ K 


R. 


Adding ( ^ ) to both sides we get: 
J ‘ + -(iit ) J - co " n ' “ (-•«,)’ + 


Fig. 16, 
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If a point m on vector -U, in Fig. 16 is determined such that om - ^ 
the distance between point in and the final point of the vector & 


is 


m) 


2 - 




If we draw a circle in Fig. 15, whose center is m and 

(for a chosen value of p i s ) as radius, it forms at its 

points of intersection with the circuit those two points where the 
inner output equals the assumed value Pi s . 

For Pi s « 0, the radius is and the circle passes through 

zero and forms two points of intersection Pqq and Pfc where the inner 

output equals 0 (Fig. 17). We now consider yet another circle which 
is drawn for an inner ouput Pi * 0 and forms two points of inter- 
section Pi and P 2 * 



Fig. 17. Geometric characteristics of the circuit. 
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The following relationships can be seen from Fig. 17 


/k2 


K* - + 6 #V f.nd 

- AA* + AY « - mA* 

--- A',* + /I (/(A - mA) 


/f* - Aa* + a /',* 

=« /mi* + A'j* - m/i* 
= A' 2 * ■+• A (A/i - wmi) 


It can be concluded: 


A',* — A*j* =» /I | (/mi + mA) — (mn + /ih)\ 
** /I | ( A + nit) — (A — aft)\ 

«* 2 A alt 


V . A' I l „ \* /’ 

Since A'i ~ ^ and A WU*J + *i this relationship can be 

written as follows: „ 

K„ 

~ /> « 2 U.Anb 


Since 2 R S A is a constant, it becomes clear from this relation- 
ship that the section ab represents the inner output of a stator 
phase, (scale 2R S A) . “The straight line Poo is consequently called 

f ower line. The relationship also shows that the inner output is nega- 
ive for positive values of ab, i.e.. the upper part of the circle be- 
tween Poo and Pfc refers to a negative output or motor operation, where- 
as the lower part refers to generator operation. The inner output at 
the two points PqO and Pk equals 0. 


Since the angle « has a fixedvalue.it must be concluded that 
the vertical section ad (which equals ^ ) also represents the 

inner output (in a scale 2R S A cos & ) , this scale may be written: 


.S’ 2 It A cnsS 


II. A 


2 It. 


~ y 


A 


r, - 2 n, y 


(r»:io) 


In practice we may in some cases neglect the quantity y 
compared to , so that U 3 can simply be assumed for the scale. 

The necessary quantities for the formation of the circuits of 
the stator or rotor are ll„ It,. Ay, A'., . A‘ (1< and -V M> . These can be 
measured or calculated by familiar methods. The compensation 
constants are calculated from equations (43) or (45) and the co- 
ordinates of the center and the radius of the circuit of stator or 
rotor result (equation (53b) / (53d) ) . Next, the output line of each 

circle is calculated by constructing a circle with the radius 7*>3 

i . r r 

at, or in t , as explained earlier. The circuits then are 

complete, and current oower factors, terminal and inner output as 
well as torque of stator or rotor, can be deduced . It remains 
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ORiuiNAL 

OF POOR 

only the question how to determine the corresponding values of stator 
and rotor . This can be done in a simple manner with the help of the 
fact that Pi a is always equal to Pi r . For this purpose, stator and 
rotor circuits can be drawn as in Fig. 18. 



Fig. 18. Circle diagrams of an asyanne trie machine. 


PAGE 13 
QUALITY 


The rotor circle i s drawn to the left of the origin in inverse se- /M 

quence and its measures are multiplied by quantity . S 8 

stands for the scale of the inner output of the stator (as 
calculated in equation (53e)) and S r stands for the similarly 
calculated scale of the inner output of the rotor. The scale of the 
inner output of both circles thus is S 8 . When we extrapolate the 
power line of stator or rotor and draw a perpendicular line through 
its point of intersection Qoo- each point on this straight line, 
which we call output axis, represents a certain output or torque. 

The corresponding points on the stator or rotor circle are reached 
by the two straight lines v u i* u nuti Q‘ U P' U ) through this point. 
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running parallel to the respective cower lines /’«,/’* and , /'* . 

I • 4 V f * 

The corresponding stator or rotor current is ot* M or iS ’ • °/' w - . It 

is clear that the two circles are coupled with the help of the cower 
axis. We can then determine the corresponding point on the stator 
or rotor circle for any chosen value of the inner output of the 
machine or the torque. For any one point on either of the circles , 

[ the power axis provides the corresponding point on the other circle, 

^ it also provides the inner output and the torque of the machine. 



Fig. 19. Combined space and time vector diagram of an 
asymmetric machine during ideal no-load 
operation. 


The two points Pqo P'oo ***** to the ideal no-load operation. 

These points can practically be reached by working the machine 
mechanically and feeding it with a mechanical oower covering the 
iron, friction and additional losses- Fig. 19 shows the combined 
space and time vector diagram for this stage. The inner output 
equals zero and the two flux waves coincide. Thu stator or rotor net 
provides an output to stator or rotor which equals the copperloss 
during no-load operation in the stator or rotor. This loss is re- 
presented by the ordinate of point Poo or p, 00* T ^ e corresponding 
value of the stator parameter r s follows from equation (51a) . 

The actual no-load operation as motor is represented by points 
P Q and P’ 0M . Naturally, these are slightly higher than P 0 o 

P' 0Q , since the outputs taken up by the nets now also have to cover 
the iron, friction and additional losses. The real no-load operation 
as generator is represented by point Pqg or P '0G* 


1 


The inner power equals zero also in point P k or P' k . This state 
somehow resembles the short circuit state of the asynchronous 
machine, but has another meaning here. This becomes feasible when 
looking at the combined space and time vector diagram. Fig. 20 shows 



Fig. 20. Combined space and time vector diagram of an asymmetric 
machine for the state represented by points P R or P k . 


this diagram for an asymmetric machine. 

Stator or rotor current is perpendicular to the induced voltage /jj 6 

and IS', the one leads its respective voltage, the other lags. 

Both flux waves ft and ft are in exact opposition, the resulting 
wave ft then is very small. The power taken in by the net i3 

translated in the machine as copper loss. The induced voltages are 
much smaller during no-load operation or normal operation due to the 
large inductive voltage drops. This fact is also true for the short cir- 
induction machine. In this case, however, the machine theoreti- 
cally is still running . Another difference is the torque which here 
is zero. 
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5. The Solution of the Main Equation for the Cases K* 00 and K=0 
(5.1.) The Unilateral Rotor Magnetization 


K -ao or 





= 0 


(•Ititt) 


Under these condition and ideal no-load operation, the rotor 
takes in all the magnetizing current needed for the generation of the 
machine field; the stator current remains zerol) . This case we call 
“ unilateral rotor magnetization *. The constants r 0( , A' 0i and 

are in this case infinitely large (equations (38a), (38b) and (40a)). 
Substituting equations (40a) and (40b) in equation (39) is not valid, 
since now p s is undetermined. This is due to the fact that the 
solution (equation 37) of the squared equation (36) also provides an 
undetermined value for • in this case. The solution for J * shall 

be gained directly from equation (36) in this case, and the solution 
for the stator current shall be expressed anew. It is, however, 
clear, that the rotor compensation constants or rotor circuit result 
from the above-mentioned general expressions (equation 45). 


The solution of equation (36) under these conditions is as 
follows : 


J r ' 

.r 


\ - ( | - " A* -" 1 _ Y- 
l‘‘\ nv ' «« 


- A ., X 




2 i ( «/ - *.) *• * - ( 


With the help of the introduced constant defined by equations 
(38c) and (38d) this expression can be simplified: 


1) See chapter (7.3.) 
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t r iF t Mumm i 


tm 


J r ' -II 1 in* 1 „>! ' ^,,1 -'-'".''ji.,,: 


r 0r sin Y 7 CON Y 7 



or: 

j ; _ 2 £ 

J v “ v s in ¥ / - A(, cos Y 7 

_.A’X eosY' + ysinY 7 
1 2 ft* r 0 ^ sin Y 7 — A„ r cos Y 7 

A* t sin Y 7 — /cos Y 7 
2 ft* r 0f sin Y 7 — A 0 cos V 7 




• 7 A r c 




By substituting this expression in equation (34a) the following re- 
sults: 


A? 


- u, = &[*, + ; (A,. +a M) ) -t 


sin V' - j cos V 1 

r 0f sin Y 7 - X 0f cos Y 7 ] 


It results the stator compensation impedance: 


3f,= 


-Up 

3. 


= + j (A o. + A,,,) + 



sin V 7 - ■} cos Y 7 
r„ r sin Y 7 - A 0r cos Y 7 


= ]t , + ) | A„ ( + A fl< + 
= K,+ ;^A„ t + A„, + 


a;i. \ 

2w“A fl( / 

A'. \ 
2«*Aj 


X* t / sin Y 7 -; cos Y 7 j \ 

4 2 «- \r 0r sin Y 7 - A ^ cos Y 7 A 0r / 

A** /.Visin'/ 7 -; A„, cos Y 7 - j r„, sin Y 7 + ; A^cosY 7 
^ 2 ft* \ A 0r (r 0f sin Y 7 — A 0 cos Y 7 ) 
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- ^a + i^a,^ A ,i. + 


vi \ 

'**• I 
2 «*V 

A - \ 
‘itt-Aj 


, A'i / «'n¥ / . r^sin^ 

+ 2 « 2 ' \r 0f sin ¥' - A 0f cos Y* ' A 0t (r 0r sin *P - A ^cosY* ). 

, X l \rl I A'J. HinV 7 I An. r ( , 

‘ A 0r (r 0r sin 'F- A‘ 0> cos V') 1)^ + AJ. VC+ A v 


Substituting the new parameter: 


/H8 



/ _ A iVV't + A*,sinV / 

>0 * 2 «- A' 0 . (r #r sin ¥' - A\ cos H> ) 

(54a) 

and the 

constant angle 



B„ — arc tg “> [O^B^rr] 

A «r 

(54 b) 

for 

in this expression, we obtain: 


or: 




&. = /<,. + / A,, + Z 0 ,c^ 

(55) 

where : 








0 # 


t), ^ iU t: t«J 





Z *s & 


Fig. 21. Two possible compensation circles for the stator for K = •» 

= parameter, variable between -•■*> ^ >• 

«, - arc t« ' r '" |(l < « v - 7T | 
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The expression (55) or Fig. 21a now represent compensation im- 
pendance or compensation circuit of the stator for the case K = oo. . 

The last member obviously is an impendance with a constant angle 

0* and a variable quantity Z Qg which corresponds to the angle V 
or the conditions of demand. By changing Zq s from -oo and +a> , 

completely represents the stator circle for all theoretically 
possible operational stages. 

The behavior of 3,, in the complex plane is represented in 
Fig. 22. It is a straight line with the steepness angle . With- /^9 

out further proof it can be concluded that the locus of the stator 
current is a circle since it is obviously derived by inversion of 3 , # . 



Fig. 22. The behavior of stator compensation impedance 3 for the 
case K = » 


It is interesting to note - what can be proven quite simply - 

V - 

that the blind resistance member j can be substituted in 

~ - Ml, 

equation (55) by a Ohm member -'/*• without any further change in 

- \ 

equation (55) . This can also clearly be seen in Fig. 22 by con- 
sidering impedance vector 3 , t to be the sum of the vectors oa + ac + 

cd instead of the sum oa + ab + bd. In the first case the compensa- 
tion circle of Fig. 21b results, in the second case the compensation 
circle of Fig. 21a as defined by equation (55) is obtained. It is 
of advantage, however, to use the compensation circle of 21 a or equation 
(55) since the inner output in this case is represented by the out- 
put of a single resistance, namely the Ohm part of impedance . 

This fact causes a certain simplification in the analytical solution 
after the compensation circles. 
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The Inner Output and the Torque 


For a chosen value of the parameter Zq s / the induced voltage 
of the stator can be written as follows: 

- X\i A‘,.+ ;U.l 

^ - X ! %«, <*>s + } (A' f . + z 9t sin 0,)] (5«) 

The effective component of the inner output then equals the real 
component of the product X . 

Combined with equation (56) : 

X <■*, - i z„ • "!0„)| 

Thus, the inner output of the stator per phase is: 750 

l\, = - '/‘a, 

The magnitude of stator current J s is, according to the compensation 
circle : 


,/j r, U l{ r,+ >>o. cos &J- + ( A',, + z iti sill ex- 


Thus: 


P t = - 


i) z^a^e, 

( Ii c> + Z 0f cos0 a )- + ( A sin 0 S )- 


The complete inner output of the machine then is : 


J5„,o°s0,. 


= -«(//• ... . . Watt (5 

Jt'f, + A' r. + Z-, + 2 Z 0< ( /i’, ( cos 0 3 + A sin 0 5 ) 


57) 


The torque is: 


p. 

M d = 0,975 ^ m • kg 


J/a = 


5.K5 


/„,cos0. 


« K *, + A’ f Zl t -»• 2 Z (p> ( K tt cos 0„ -I- A'„ sin 6 e ) 


ni-kg (58) 


where: n = number of revolutions, r/min. 
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Equation (57) or (58) gives the amount of inner output or torque 
of the machine for any value of the parameter Zo s . 

The sweep momentum of the machine can be calculated when: 


«IW 

o.) 

or: 

• cm (~K ■ I 8*. -1- ^ ( K. + X*. si '» W h) ! 

= j«* ( + rf., + z^+2z tt<- (/{ r> ccKs0,+ x,., sm © a )} cose, 

which results in: 

V = ± ]/ + A';, (59) 

These two values of the parameter correspond to the sweep stage 
and give the sweep output or momentum of the machine by substituting 
them in equation (57) or (58). 

After equation (57) , it is clear that the magnitudes of the 
parameter Zos# which correspond to the two stages of Pj_ = 0, have 

the values 0 and ./> 


The Circuit Diagram 

As already mentioned, in this case too, the final point of the 
stator current vector is on a circuit. The dimensions of this circle 
can easily be determined by inversion of the impedance straight line 
(Fig. 22), as shown in Fig. 23. 

The coordinates of the center are: 


X -(A',.- 

r s 

>J ~ -’(/C,-A', 4 ft»0j 


the radius of the circle is 


(60) 



Fig. 23. Calculation of stator circuit for case K = / 


The expressions (60) serve to construct the circle diagram of 
the stator for case K = ■-/> - In this case the general expressions 

(53d) for the dimensions of the circuit, as well as the results of 
the general solution and graphic theory (chapters 3 and 4) are also 
valid. The graphic theory in this case is also valid for the stator 
when the stator circle is constructed after expressions (60) . 



(5.2.) The Unilateral Stator Magnetization 


/52 | 


K - o ov 


/v+xi+s-Y. -v+Ai(i -;!)-•> («*> 


Given the condition K = 0, the stator will also take in all of 
the magnetizing current during ideal no-lead operation and the rotor 
current will remain zero. This case will thus be called "unilateral 


stator magnetization (see chapter (7.3.)). Likewise, the rotor 
circuit is in this case undetermined by the expressions of the 
general solution, whereas the stator circuit is determined by these 
expressions. The stator circuit is constructed after these expressions 
and the rotor circuit is treated as above and has similar expressions. 

The rotor compensation impedance is: 


d, - /*,, + / A' r , + V'* 


<«i) 
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where : 


K ~ K 

A, v - • X 0r Xj r 

„ Y + V + ^ ,Lr 
~ ‘ 2A 0 , 


ZQ r = Parameter of the rotor circle, variable between -no 


and + <» 


«- A';, • V rl, 4- A';. • sin V' 
J °' ~ 2 A, 1( (r (l> sin V-X 0t viM V') 

6 r = aretj* 7/"' |0 


R 0 ,X 0 = the respective stator compensation constants as defined by 
equations (38a) and (38b). 


Similar to the stator equations (56) to (59) for K = o , rotor 
equations are valid for K = 0. The dimension of the rotor circuit 
diagram are: 

Coordinates : 


Radius: 


* 2(A ( .-/.',t«0 r ) 

t’r 

11 2(/f, r -A',,ctg0 r ) 


It - 


V. 


2(rt si- 


A, «:asH r ) 


- \^ + >r 


(<«) 


6. Special Cases 453 

The above developed analysis is very general and valid for all 
kinds of operational stages of the d.s. machine. The individual 
special cases which one would want to use in practice can be de- 
veloped directly from the above theory. In the first place, there 
are the parallel and series connections. For these special cases 
the above results are simplified more or less according to the 
conditions. We now treat these two special cases for the asyro- 
-metric and symmetric machine. 
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Case Is Parallel connected asymmetric machine 


a * l, « - i. U, - U r = U , It, + K, X 0t * A,'. 


It holds for the dissimilarity factor: 


K = 


R,*+Xl' + '2 + }.,) 

R*+Xl + 2X a X^+XHl~»*) 


and the compensation constants of the stator (equation (43)): 


/.• n: 


lt„ - ~ + A l{l , + Y ,, + ,, A(1 ; A *.( i - #») 

A fl - X„ t + A ’, 4 — A Wj + A’ (li — A (l#< + A' 0( 

v _,v v 4.V- A,,.//*- A;„-A ( 1 .(I-h s ) 

“ u ' "‘ ,v /^+a;^.2a;a,„+a^(i-«*) 

A' Mm =-- - A’ /l0i =- 2 1 + A'r,, t A • A 


and the compensation constants of the rotor: 


if,. = K + ^r- ^ 

** ^ O, ^ fi» ” ^ Wr 

v„.) 


Y ^ -l Y 


A 


A 


The compensation circuit is shown in figure 24a. 

In order to calculate the induced voltages lS y and IT, Fig. 24b /5 jj 

is used. 

The equations (53a) to (53d) are valid for the calculation of 
the dimensions of impedance or current circles. 


47 


Control t Mr. Hers chdor f er treats the simple case for «-«- l 

and reached the same results for the coordinates of the centers of 
Imp^ndance circles as we did from equations (53a) and (53c) , assuming 

u 3 1 . The radii of the impedence circles he only calculated 

roughly. 




Fig. 24. Compensation circuit of a parallel connected asymmetric d.s. 
machine. 

The net current 3 X • X can easily be calculated or 

graphically determined after Fig. 18. It has to be considered, how- 
ever, that its vector does not describe a circle, but a 4th degree 
curve because the circuits of 3 , and 3 , are different. 


Case 2i Series connected asymmetric machine /55 

/ 

■ 3, ** 3 • w * '• R,+ R r \ A’„ * 

It, + U f * U ■ Net voltage. 
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From equations (34a) and (34b) it results: 


-tt -3f(*.+ ^f) + ;(‘V., + .V 0f )4-;X (t ,( | - * c'*)+jA',JI-«e'*)j 

if we substitute for e* v 


ti* «« COS + j'BinV 

W W \tt 

m | - 2 nin* . + 2 /sin cos 
« * ■> 

♦j ^ 2 

“ ' ” ur u> 

• + ctg* J tg j + ctg 


the result is: 


A„.J( n - ;) < ; ( u -i-r ^ g >) 


we also substitute: 


v * ''»*• 

'V. *■ « 


v . V 4 A',, V* 
- / tR 2 


A 


- u 
3 


the compensation impedance of the machine becomes: 


3,“(/f,+ ^ f ) + 7(A' < , t + A' 0> ) i/X^ 


2/2 . 2 
« ( A ' r 


\l+ * v- + 

' r* A,,. 

■ ( X, + X r ) + ;^ X 0< + X 0# + X,,. j 

,+ «.-«D + ' 

A,i. A^. 

XI r X„. 


1 + ^ •«- + — 

r* A,,. r 

&«</*.+ *,) 4 /( 


- MU irX » 

it 1/ + r + ; X^ 


1 / *» M. 
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where the compensation constants have the following simple values : /56 


R. -*„+*, 

X. -^.+.v., + x,.(i + ) | 1 - ;) 

X ■ 

ft 


The compensation circuit of the machine per phase (rotor and 
stator combined) is shown in Pig. 25. 


a> 


/ 





Pig. 25. The compensation circuit of a series connected asymmetric d.s. 
machine. 


Thus, the compensation circuit is sufficient in this special case. 
Furthermore, the compensation resistance Rg in this case equals the 
real resistance of the machine (R s ♦ R r ) . The coordinates of the 
centers and the radius of the impedance and current circles are 
(after chapter (4))t 

Impedance circle : 

Coordinates : 


Radius: 


Current circle : 

Coordinates : 

v 

v . -'m. 

+ 2 

* mi; rs+xmxjt;. 

y * R r *+ X*+ X r X H ' 


x » 


x 


K 


SO 


Radius : 


.V, 


«- It 


‘ It,* f X, 1 \ X, X,,' 


Control: Dr, Brallowsky deals with the case of the series connected 

machine and reached the same results for the dimensions of the im- 
pedance and current circle as we did from the above expressions. 


Case 3: Parallel connected asymmetric machine 


It,m R f m It, X a< » X„ f - A'„ , Xf,' “ Xp t ■ X h , 11, - Ilf - 11 

* net current 


K - 

/«,. - n 

%. - 0 “ 


X,, - A'. 

X ( - 0 - 

**.- 

A’n„- - *Y», 


r. 

&. - 

r , 

3* - I'+i 

Y . 2r,;A' M 
*'* + r. + ~)X, t 

11 

3/2* 

K+i X.+ f 

•r.i X H 
i A 

-11 
3 " 

It A'. 

2 +1 2 + 

mIV 

r, + • i X n 


If we write: 


-11 a , r 

^ -3, Oml r - • 


the compensation impedance of a phase of the complete machine is: 


A* *.*ix,* 


where the compensation constants of a phase of the complete machine 
are: 




v 

A, - * 


The compensationcircuit of the 
machine is shown in Fig. 26. 


Y « Y 


SI 


OlL 




I 

vt 


Fig. 26. Compensation circuit of a parallel connected asymmetric d.s . 
machine. 

Case 4: Series connected symmetric machine /58 

# = I. II t = Hr = 1^' = X 0r — A a ' X ^ , ~ A /t r ~ X )t i = ~ 3> * = 1 

2 ll, = 2 U, = U = net voltage. 





K. = K, = K 
X f . «= .Y„ = A'„ 

v — V — *> V 
'V 


0, - 0 - r «r 


r, 

Xf, - 0 - 

r — r 
9 s 9 r 

**i x -*r*ltk 

_ U 

2 _ If.iY , 2r »?- X M 

3 7 • + r.+2,% 

" ^ . •> v . 4 ? Xu 


A'. 


we now writes 



the compensation impedance of a phase of the complete machine is: 


X = K+?X t + 


r i A/., 

r+jX,i, 


where the compensation constants of a phase of the complete machine 


The compensation circuit of the machine is shown in Fig. 27 



Fig. 27. Compensation circuit of a series connected symmetric d. s . 
machine. 


It is interesting to note that the above results are in cases 
(3) and (4) also valid for a machine with ft * i , if it is parallel 
or series connected by an ideal transformer with a transformation 
ratio equal to a , provided that its constants fulfill the condition 

K = «/. = A'; 
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7. The Characteristics of the Common Double -Fed 
Synchronous Machine 

Under the various operational conditions 
(7.1.) Definitions 


The results which were gained in chapters (3) to (6) enable the 
quantitative calculation of all quantities of the machine under any 
chosen operational condition. Based on the gained analytical results 
this chapter deals with the characteristics of the double-feeding 
synchronous operation and its physical explanations as well as the 
influence of the various possible operational environments and con- 
ditions. 

Therefore, we subdivide the conditions which can occur in 
practice into three groups according to the following definitions. 

A. The "symmetric machine" : 


K A"„. 

«r " A *, 

«. = H r ' 



qm<i ft 

M = I or V* - * V1 


$ 
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The "symmetric machine" thus is a machine with equal constants 
and terminal voltages - referring to one and the same side. 


B. The "constructional asymmetric machine" : 

[ ° r v *= u '\ 

The condition R, - R,' and A, f> = A.', shall be partly or 
completely unrealized: 

C. The "essentially asymmetric machine" : 


« + « lor IK * (' r '\ 

The term symmetric machine as defined above, differs from the /60 

one existing in literaturel) by not needing an equal number of turns 

of rotor and stator (i.e. , ft = I) . It only needs the realization of 

two conditions; first, the equality of the constants of both machines 
parts when they refer to one and the same part, and second, the 
voltage applied to the two parts must have the ratio a . It is 
obviously very difficult to satisfy the first condition in practice; 
however, it is not necessary in order to operate the machine satis- 
factorily. The term symmetric machine, however, is very useful from 
the theoretical point of view since it describes the basic laws 
which rule the behavior of the machine in a very simple way. But if 
one or the other of the conditions of symmetry is not satisfied 
(which in practice is always the case) a certain inequality of the 
functioning of both machine parts results; this we call asymmetry . 

The non-satisfaction of the first condition we call constructional 
asymmetry since it is due to the construction of the machine and not 
its operation. An important example for the constructional asym- 
metric machine is the parallel connected machine with n = i. 

Since the machine constants of the normal construction type do not 
differ much from the condition ,{ » = A '«. _ n i , the prerequisite of 

"r a, 

symmetry can be used for approximate calculations and plots. 

By not satisfying the second condition, however, quite a con- 
siderable asymmetry results. The slightest change of the ratio of 
the applied voltages (i.e. the change of the “ ratio) or the 

turn ratio for the parallel connection , has a considerable influence 
on asymmetry. The degree of asymmetry in this case actually depends 

on the quantity — (**)*) . This case, i.e., the non-satisfaction 

of the second condition = «) of symmetry we thus call " essential 
asymmetry " . 


l):see: E. Messing "information on the double fed induction machine* 
dissertation, Karlsruhe 1931. 
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The two conditions of symmetry are: 


K _ *o. 
K ~ X 0 , 



X a> = A” 


and 

« or 


U, W r 


V. - VJ 


or 


u = «. 


r 0 . = 0 = r 0 , (Equations (38a) and (38c) 

Xo, = 0 = Xq, (Equations (38b) and (38d) 

K = « 5 (Equations (46a) 


The compensation constants here equal the real constants of 
the machine because: 


/? ' 


= it, , = r-it r 

= 

K 

= /< r = 

il* 

X , 

= x„ t = #* x„ r 

- 

x„ 

= = 

.. 

= l’A' (1< = -2« 2 A'^ 


x,„ 

= --V= 

a* 



The parameters of the compensation circuits are : 

V; = ^ |p, = 01 (eq.(40a). (4ol.)an<! (41)) 

- --A.Vr 1/V - °l 

Which results in: 

f ’ = ** 
r r 

The compensation circuits of the machine are shown in Fig. 28 
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It can thus be shovm that the stator compensation constants or 
the stator parameter r 8 is «?- times as large as the rotor constants 
or the respective rotor parameter r r . It can be concluded that the 

stator always has the same power factor as the rotor. Furthermore, 
since the stator voltage is . n - times as large as the rotor voltage, 
the rotor current always is « - times as large as the stator current 

This results in the fact that both machine parts always take in the 
same blind and the same effective power , and that both circuit 

diagrams of the machine are similar ( in the ratio # ) . The dimensions 
of the stator circuit are: 


x = //, • 

y = i\- 


K- + XI + 2X"X" 

_ 

K+K+ 2X °. x v. 


R= V. 


x p. 

R' + Xl + SX.^ 


Ampere 


Ampere 

Ampere 



Scales: stator current lcm=4amp; rotor current lcm-8amp; terminal 
output lcm=3.6kW (total); inner output: measured perpendicular to 
output line lcm=0. 869kW/ph./side or 5.213kW (total). 
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The dimensions of the rotor circuit are a- times as large. It /63 

is then sufficient to draw only one of both circles (fig. 29). As 
explained earlier (chapter 4) , stator terminal output, stator current 
and power factor for any chosen value of inner output are then 
calculated. The respective terminal output and power factor of the 
rotor are the same, the rotor current, however, results from multi- 
plication of the stator current with «. 

Fig. 30a or 30b show the combined space and time vector 
diagram for generator or motor operation during full load operation. 

The amplitudes of the flux waves F s and F r are equal (because 

j,~ u ) and thus have the same angle with the combined flux wave; 
the currents have the same angle with the respective induced voltages. 



Fig. 30. Combined space and time vector diagram of a symmetric 
machine, a) generator operation, b) motor operation. 


It has been shown that both machine parts of a symmetric machine /6M 
always function in exactly the same manner and play the same role in 
all respects . 

Calculations of currents, terminal output and power factor was 
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carried out for all theoretically possible functions 1 ) with the aid 
of the circle diagram. In Fig. 31 the calculation is shown to be 
a function of the inner output of the machine. The motor operation 
obviously corresponds to the upper part of the circle diagram above 
the power line or negative inner output of Fig. 31. It can be 
noticed that motor operation is possible only in a very small area 
of the whole theoretical operating area. Compared to induction 
machines, motor operation of the d.s. machine corresponds to a 
smaller part of the total operating area2) . Point P,^ or P mG in 

Fig. 29 corresponds to the state of maximal sweep output of the 
machine during motor or generator operation. Normal stable opera- 
tion then is only possible in the lower half of the circuit 
diagram between P^ and P m Q. This corresponds to the heavy lines 

in Fig. 31. The practically applicable operating field limited 
by the maximum values of the currents, only covers a small part 
of the whole stable field. It has to be noted that the charac- 
teristic line of terminal output as function of the inner output 
(Pjc = f(Pi)) is an ellipse. 

The two points where the inner output equals zero (Poo ai *d Pfc) 

evidently correspond to the two values of the paramer «o or 0. In 
both cases the machine receives an effective power from the net 
which equals the copper losses. The first point Pqo corresponds to 
the parameter r ■ ' and refers to the ideal no-load operation 
which can be simply reached in practice by operating the machine 
mechanically and feeding it an amount of mechanical power which 
exactly covers it mechanical and iron losses. The combined space and 
time vector diagram of Fig. 32 corresponds to the ideal no-load 
operation. Both flux waves coincide in space. Each side of the 
machine takes in an effective output from its net which corresponds 
to its copper loss. The effective output is represented by the 
ordinate of Pqo* 


1) The calculations were carried out for an experimental machine 
(machine I, see chapter (8.1.) assuming symmetry. The machine has 
the following constants: 

It* s 1.14 (Hint, A'„ = 1.30 Olitn. It, = o.-Mir. (Him. 

A (f = 0.355 Olitn, '/ - 2,1 M) Ohm, \ fl - 27.3 Ohm. MjiIht 

it/ - 0,4«5 . 4 - 1.M0 Ohm und - 0,355 * 4 - 1.42 Ohm. 


The assumed constants of the symmetric machine are: 


I . I I I I .Mi 


V (1< 27..1 (Mini. I’ 


1,50 Ohm, \ tt -- A’j 
ir»o Voh, 


I ,:io I M2 
*» 

I’ "ft Vi ill. 


.:«! < Hun. 


2) See the comparison with induction machines at the end of this 
chapter. 
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A point slightly higher on the circle correponds to the re&l no- 
load operation as motor since the machine now has to additionally 
take in power from the net in order to cover its mechanic and 
iron losses. 



Fig. 32. Combined space and time vector diagram for the ideal 
no-load operation of a symmetric machine. 


s'*' r e .o 

d * o s B 


j/ s 



Fig. 33. Combined space and time vector diagram for the condition 
corresponding to point Pfc (symmetric machine) . 


The second point corresponds in a certain sense to the short 
circuit point of the asynchronous machine/ but has a different 
meaning. In this case/ the value of the parameter is zero, thus the 
induced voltage also equals zero. The air slit flow also equals 
zero, thus the flux waves of stator and rotor in space must be in 
opposition. This condition is given in Fig. 33. It is then clear 
that the machine under this condition is theoretically still operat- 
ing. Another difference between Pfc and the short circuit point of 
an asynchronous machine is the fact that the torque of the d.s. / °7 

machine equals zero at P* because the air slit flow equals zero. A 
short circuit asynchronous machine, however, still has a small air 
slit flow and thus also a torque. 

The expressions for the sweep output of the machine (equation 
(50a), (50b) and (48)) are simplified under symmetric conditions as 
follows : 
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Generator operation : 


Motor operation: 


r into 


it. 


|/ I + /*. + *1 + Xo.\*_ 

I I + U,. ^A',, itj 




3 tv 


Watt 


Watt 


I/. ,/K. . VJ. .Y„\* 

I \A',. f 1+1 


(«3) 


for approximate calculations it can be assumed that: 


,, :» v* 

‘-“iKI + .VJ '-It. W * U 


1 im* — 


-twt 

)ftl + X^lt. 


Watt 


(G3n) 


It is interesting to draw a comparison between sweep output or 
sweep momentum of the d.s. machine and the asynchronous machine. If 
the same machine during asynchronous operation was using the same 
net ( i . e . , same voltage and frequency ) for sweep output during gener- 
ator or motor operation the following expressions are validl): 



:i t v 




Watt 


:i #v 



2 

Watt 





From expressions (63a) and (63b) the ratios between sweep output for 
d.s. and asynchronous operation results: 


S cx 2 . 


\' It* t 4 A'*, + It, 

SK + -V*, T R. 


1) 


see E Arnold, Technology of three phase current, v V,1 p 71 
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For larger machines the ratio !!• is rather small and, as we know, 
increases to about 1 for very small machines. 


For l{ > v i 

V " 

i® $ css 4 

for motor and generator operation 

it, , 

For v '■ 

^® S '.V (1 

for generator operation 


and # ~ 2,7 

for motor operation. 


It can thus be shown that sweep output and sweep momentum during 
d.s. operation always are considerably larger than during asynchro- 
nous operation. The ratio between both of them depends on the 
capacity of the machine as well as the operational manners (motor or 
generator) . The sweep output of larger machines is about four times 
as large (i.e., the sweep momentum is double)/ the smaller the ma- 
chine, the larger this ratio is for generators and the smaller for 
motors. In very small machines it is about 6 for generators and 2.7 
for motors (thus the sweep momentum ratio is 3 or 1.35). 

Another advantage of d.s. operation is the need of a smaller 
blind output, i.e., an improved power factor. If, for example, 

« = i in a machine it can be directly parallel or series connected. 

The conditions of symmetry will then in both cases be satisfied when 
lt H = it r it and A' tl> == A„, -■» A'„ . The compensation circuit of a 

phase of the whole machine (i.e., for net circuit) is shown in Fio. 

34 for all three considered modes of operation, i.e., d.s. operation 
with parallel and series connection and asynchronous operation. The 

reactance A' as defined above, represents the ratio f' , where 

E is the induced voltage and J, the current component perpendic- 
ular to it during feeding of one side whereas the other one remains 
open. 


The nominal voltage or nominal current per phase of stator or 
rotor (assumed to be equal) shall be U or J. If the machine was 
supplied with nominal voltage from the nominal frequency in every 
case, nominal output in case (a) has a voltage U and a current 2J 
and in case (b) a voltage 2U and a current J. These two cases are 
obviously similar. In both cases the machine has the same blind 
and effective output and the same power factor for the same 
mechanical output. During asynchronous operation, however, the 
nominal output is reached with voltage U and current J. If the 
power factor in all three cases was the same, the output in (c) 
would be half of (a) or (b) . Obviously, this is not an advantage 


1) Neglecting R and v„. , the blind output will in every case be the 
same, namely . 

A t* 


62 


ORIGINAL PAGE IS 
OF POOR QUALITY 


since Che machine works with half Che rocacion of (a) or (b) in 
case (c). Considering, however, che blind inpuc, ic becomes 
obvious from Fig. 34 ‘hat Che blind inpuc in case (c) is abouc Che 
same 1 ) as in case (a) or (b) . This resulcs in Che imporcanc 
characceristic of double -fed synchronous operacion: Che d.s. 
machine needs a blind inpuc which equals abouc half of Che blind 
inpuc necessary for an asynchronous machine of Che same nominal 
ouCpuC and che same number of poles, che power faccor being beccer 
during d.s. operacion. The same machine chus produces considerably 
mo re chan cwlce che ouCpuC during d.s. operacion as 1C would 
produce during asynchronous operacion with half Che number of 
revolucions . 







Fig. 34. Compen8adon circuiC per phase of a machine wich 

«. ft. - ft- - -V. . 

a) double fed synchronous machine, parallel connecCion 

b) double fed synchronous machine, series connecCion 

c) asynchronous operacion 


Neglecclng magnetizing r ttici£nc, Che drop in volcage in case 
(a) or (b) will equal of che volcage, whereas ic will 

be •.*./ \ /<*+ a j of Che voltage in case (c) , i.e.. twice as large. 

Ic can be'concluded ChaC a d.s. machine has abouc half Che volcage 
drop of a similar asynchronous machine (acCually it is a lictle 
more) . This fact has, as we know, another more important success 
which is chac the sweep output or sweep momentum of a d.s. machine 
are much larger Chan Chat of an asynchronous machine , as shown above 
For che same reason che diameter of a d.s. machine is abouc twice 
as large as chat of a similar asynchronous machine. 
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As Fig. 34 also shows, the copper losses of the machine are /70 

about 6 J^R In case (c), l.e., equal to the copper losses In case 
(a) or (b). Iron losses during d.s. operation evidently are 
larger than during asynchronous operation. On the one side Iron 
losses during d.s, operation occur also In the rotor with net 
frequency, on the otner side pulsation losses are considerable# 
due to the higher velocity of the rotor body. But since the out- 
put during d.s . operation Is double and copper losses remain un- 
changed , the effectiveness still Is considerably higher , even for 
an asynchronous machine of conventional construction with a rotor 
consisting of commercial, thick laminations. 

These advantages of d.s. operation were explained based on this 
simple example, but they hold for any symmetric machine, as well as the 
practical machines which do not have a very prominent asymmetry. 


(7.3.) Influence of asymmetry 

In the last chapter It was shown that the syuiaetrlc machine 
represents the Ideal case of double-fed synchronous operation, 
when both machine parts share blind and effective output equally 
under all operating conditions. The most favorable construction 
of the machine supplying the largest sweep output as well as 
largest effectiveness for a certain kind of material, would be 
a symmetric machine with the smallest possible values of effective 
and stray resistances and the same maximum values of J 8 and J r ' . 

Because of the relatively limited slot volume of the rotor, it is 
impossible to fulfill the conditions of symmetry in practice. 

Because of that, neither the constants nor the allowable values of 
the currents can be the same and the difference is the larger the 
smaller the machine Is. In oractice, therefore , there is always 
asymmetry, which causes a dissimilarity of functioning which 
results in increasing the current in the one part and decreasing 
In the other. The effectiveness and sweep output are also 
lessened. In this chapter, the influence of asymmetry shall be 
discussed. 

During double-fed synchronous operation two voltages U 8 and 
Ur are applied to both machine parts. The Induced voltages E 8 and 
E r always have a ratio a If the applied voltages also had 

the ratio « and the constants R s and R r or .\„ 4 and had the 
ratio (which is a symmetric machine) then both circles of the 

machine (stator and rotor), as referred to one and only one side, 
would be identical. The necessary magnetizing current as well as 
the effective current would distribute evenly as we have already /71 

seen. If there is, however, any Inequality of the respective 
voltages or costants, this asymmetry must be compensated by a 
difference between both currents J 8 and J r (generally in the 
quantities and phase shift angles). Both machine parts, however, 
always have the same inner effective output independent of sym- 
metry. as shown in chapter (2.2.). Consequently, there can only 
be a difference between the inner blind outputs . The asymmetry 
is then compensated by reception or release of dissimilar blind 
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currents . 


Thus, in asymmetric machines (both, constructional and essen- 
tial asymmetry) , there is an operational dissimilarity which merely 
consists In the contribution of each side of magnetization current 
necessary for the common Held (chapter (2.5. ) . The larger the 
asymmetry, the larger the difference between the blind outputs 
becomes. The inner effective outputs always stay the same, and 
thus the terminal effective outputs also are essentially the 
same 1 2 ) . The processes which are effected by asymmetry appear 
completely during no-load operation as well as during operation. 
They can be better recognized during no-load operation since the 
effective currents which are always symmetric are superimposed on 
the asymmetric magnetizing currents during operation and thus 
somewhat cover the Influence of asymmetry. In order to get a good 
idea of it, it is then reasonable to study the influence of 
asymmetry during ideal no-load operation (/’<*o) . The following 
study is based on the ideal no-load operation. 

Let us first consider a constructional asymmetric machine 

(« - *>) during ideal no-load operation. Fig. 35 represents the 
conditions of the machine. Each side receives lagging current*) 
(supplies leading current) and supports the malntainance of the 
common field with a purely magnetizing current. The resulting 
flux wave of the machine is supported by both sides. The ampli- 
tude of this wave is: 


AV !*/.! • M’, + !«/,! • M , 


If we assume that the rotor voltage is increased whereas the 
stator voltage remains unchanged, i.e.,« > «, it becomes obvious from 

the same figure, that, in order to maintain the equilibrium of the 
voltages, rotor current is Increased, the induced voltages in- 
crease and stator current decreases. Under these new conditions, 
the rotor thus has a larger part of the magnetizing current. The 
change of one of the terminal voltages thus causes a transfer of 
the magnetizing current trom one side t o the other, increase of 
one voltage causes an Increaseof the current of the respective 
side and a decrease of the current of the other side. 


1) At least within the practical operating field where the copper 
losses are small compared to the output. 

2) According to the general terminology we here call a current 
"lagging” when it is magnetizing, i.e., when it lags the net 
voltage . 
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Fig. 35. Combined space and time vector diagram of a construc- 
tional asymmetric machine during ideal no-load operation. 


If rotor voltage is continuously increased, rotor current 
continues to increase and stator current decreases. Both currents 
however, remain purely magnetizing until the stator current has 
reached the value zero, and the rotor takes over all of the 
magnetizing current. We call this case " unilateral rotor magne- 
tization" . This case obviously exists when the induced voltage 
of the stator equals its terminal voltage. Thus, the following 
condition is valid for the unilateral rotor magnetization: 


U — E s = il- E r = ~ r A Mr ' " - 
y R*+{X"+X ll f 


It corresponds to the terminal voltage ratio: 



X 


— U 




y/c-+(A'„,+A ',.,) 2 


(«4> 


It can be concluded: 


XI (i -*!) = - («,*+A’.,+ 2A V‘V) 


Substituting this equation in expression (46a), we obtain: 

K = </., 


The unilateral rotor magnetization corresponds to the dissimi 
larity factor K » 00 
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By increasing the rotor voltage above a value corresponding 
to the unilateral rotor magnetization, the rotor current continues 
to increase and a stator current exists again. Now, however, the 
stator receives a leading current and has an induced voltage 
which is larger than its terminal voltage. The stator current is 
then obviously purely de -magnetizing. The amplitude of the re- 
sulting flux wave can be calculated by: 

F r =\J r \-W,-\J>\W, 

The dissimilarity factor now has a negative value. 


It can be seen that by decreasing the rotor voltage below the 
value corresponding to the constructional asymmetry | u r = ( ,'"j the 
rotor current has a smaller and the stator current a larger value 
than those shown in fig. 35. By decreasing the rotor voltage 
somewhat, the rotor current reaches the value zero, and the 
stator receives all of the current necessary for the production of 
the field. This case we also call a ’’ unilateral stator 
magnetization *’ . For this it is also valid: 


", = K = 




ii A 




nX s +( a**, t .v,,,)- 


It corresponds to the terminal voltage ratio: 



tX 2 +(A„. + A M ,)- 
A„ 




(« 5 ) 


It can be concluded: 


where: 



(/C*+A* i + 2A.,A,.) 


K = 0 


The unilateral stator magnetization thus corresponds to the 
dissimilarity factor K « 0 . — 

By further decreasing the rotor voltage, the rotor current 
again increases; it is now, however, leading (de -magnetizing) . 
The stator current increases evenly in order to compensate this 
demagnetizing influence of the rotor current. For the amplitude 
of the resulting flux wave under these conditions the following 
expression is valid: 

f, - »*„- !•/,!• »»', 
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FT 


r 

l 


The dissimilarity factor here also has a negative value . 

The above considerations show that during ideal no-load 
operation stator or rotor current can have any chosen value, it 
can lag or lead depending on the ratio ft/w. . A certain field , 
however, exists with borders corresponding to the unilateral ma - 
gnetizations . In this field the ratio can change, while both 
currents remain lagging (magnetizing ) . This field we call ” 
" magnet izlng-slmllarity-fleld ^. Its borders correspond to the 

values 0 and qo of the dissimilarity factor and within this field 
the dissimilarity factor is positive , outside of it it is negative , 
If the ratio »/*< is outside of this field a current is de- 


magnetizing. The two currents of a constructional asymmetric 
machine are always lagging. The sum of stator and rotor k.v.a. 
is, however, lagging in any case since it is almost equal to the 
k.v.a. necessary for the production of the field vihicK obviously is 
always lagging . 


After the above physically explained influence of asymmetry 
we now want to deduce it mathematically. At first, we make use 
of a well-based simplification by neglecting the resistances R s 
and R r since they do not have an important influence on the 
magnitude of the induced voltages during no-load operation and 
thus also do not considerably influence their equilibrium and 
the currents . By neglecting these resistances , rather simple 
expressions for the currents of the machine during ideal no-load 
operation result . Thus , the influence of the essential asymmetry 
can be studied directly by assuming the ratio aju to be a 
variable. 

According to the expressions (equation (38a) , (38b) , (40a) 
and (46a)) given in chapter (3), the compensation constants of the 
stator and the dissimilarity factor neglecting the Ohm- resistances 
can be written as follows : 
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which results in: OIL 


K 

il * 


V 2 __ v- 

* A ft* A n t 


X S a.*** V v 
«- V *. • " w s A c - * v /i 

a": +2 a*: a' + 



and thus: 


* r jft+tx;vfX>(i-X .v;; + 2.v;.v,. + .vj.(i-;!) 

This expression can be directly simplified to^) : 


a';>2A';a'„.+x*(7-?;} 


V = A',, 


Thus the stator compensation circuit looks like Fig. 36. 


Fig. 36. Compensation circuit of 
the stator neglecting the Ohm- 
resistance. 


{X6 s *\*Xm s -*m 0s ) 


*1 — wm* 



1) The signs in front of the square root can be omitted for x 
in this expression since the sign of -\, 01 is always the same as 
the one of the quantity Ja^+s.y^a^+.y-, • • This can 

be seen in equation (66) . If we assume the opposite sign of the 
magnitude • [a'^+s.y^.y^+A'^i- • “.)] for , we obtain the follow- 
ing expression instead of equation (66) : 

, _• /i. A <*, + A Hi A t1r + A , r> A tff 

***• ~ * , 1 u \ 

A *, +A V.( I + „ ) 

This impedance always is an inductive blind resistance and de- 
creases with increase of «/« which is not true for any value 

of as we have already seen physically. The sign of v ,.„. 

is in the general case the same as the one of the quantity 


[/^+x;* + 2.v; r .Y (i#+ A'* < |i-;;)] 
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During ideal no-load operation, r a « °° and the complete com- 
pensation impedance is purely blind, it is; 


8 e, 

m i 

This expression can then directly be simplified to: 

o _ A*/i« ^ °* + + ( 66 ) 


— j(X« r, + 1 o, + X^ + ) 

x„.+.vjn „ •’ , ■ « I 

A,; + 2A„,A / ,jA- < (I- mS ) ] 
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Likewise, the following expression holds for rotor compensa- 
tion impedance neglecting the resistances and during ideal no- 
load operation: 


Sr, = 1 


X fj. r A" + Xn t X„. + X Vr X 0i 

-M'-D 


(67) 


If we call the lagging (magnetizing) current positive and 
the leading current negative, the following expressions are valid 
for the magnitudes of the currents: 


•4 

Jr 




", 


a'^M'-u) 

<r, + ^ ^ <*, + ^ a, ^a, 

.v;,+Ar,,(i- “) 


( 68 ) 

(69a) 


In order to be able to draw a direct comparison between stator 
and rotor current the currents have to be referred to one and the 
same location. The rotor current referred to the stator is: 


Jr = l 


Jr 


w 

= V m . a • 


Xn t X f t 9 X a ,X a> 
* 'Li A'o, + A’m, A « t + A’ a> A' 0# 


(69 b) 


70 


ORIGINAL PAGE u 
OF POOR QUALITY 

If the stator voltage la kept constant and the rotor voltage 
or the ratio «/« are changed, the impedances Z eg and Zg r « 

Z er as well as the current J 8 and J£ will change according to the 
expressions (66), (67), (68) and (69b). Fig. 37 shows the*e 
quantities as function of the ratio «/« or the rotor voltage. 

The half of this figure which lies above the abscissa corresponds 
to lagging currents or inductive compensation impedances, the 
lower half corresponds to leading currents or capacitive compen- 
sation impedancies. 

Two right-angled hyperbolas are obtained for compensation im- 
pedances, each obviously has a vertical asymptote through a 
border of the magnetizing-similarity-field. The shape of each 
current is a straight line. One part lies above and another 
below the abscissa which separates the magnetizing from the de- 
magnetizing current. The two borders of the magnetizing- 
similarity-field (the unilateral magnetizations) correspond to 


the ratios uju equal to ( 


+ A'„. 


( | 

\ Xo. + A' / 



a) : lagging (magn.) 
current, or 
inductive resistance 

b) : leading (de-magn . ) 
current, or 
capacitive resistance 


£ l A a/ A Ms 
I ^ a* 


rotor de-magn. 


{field of magn^ 
similarity 


; c) : unilateral stator 

\ / \ magnetization 

17 \ d) : constructional 

/ asymmetry 

,«? _ ^e): unilateral rotor 

statorde-magn. magnetization 


Fig. 37. Influence of asymmetry on compensation impedance and 

currents during ideal no-load operation and neglectance 
of the Ohm resistances 

Within this field both currents are magnetizing. Their ratio can 
have any value between +x> and -<*> according to the ratio 

" . The constructional asymmetry (» ") corresponds to a 

ratio which does not differ much from +1. It is interesting 





to note, that the ratio Jy of constructional asymmetry equals the 
ratio This means: The ratio of the currents referred to 

one and the same side is inversely proportional to the stray 
reactances . 1) 

The characteristic lines of Fig. 37 were calculated for an 
experimental machine (machine I, see chapter (8.1.) and shown in 
Fig. 38. It can be seen from it that the field of magnetization 
similarity is rather limited in practice. Although figure 38 has 
been calculated for a small machine (and thus with a relatively 

large ratio - 1 * * * * * 0, x + A '' , ) , the machine is already outside of this 

field at a value of „ equal to about 1 + 0,05. The distribu - 
tion of the magnetizing current between the two macKine parts 

thus strongly depends on the ratio !. For the considered 

machine , the total magnetizing current~Ts transferred to one side 
at a difference of about 5% between voltage ratio and transfer 
ratio. At a difference of about 177. or 127., the nominal current 
is reached already during no-load operation due to this strong 
asymmetry. The algebraic sum (J s + J£) (a lagging current is 
assumed to be positive) is also shown in Fig. 38. It increases 

in a straight line with the ratio i or U r . This sum obviously 
represents the effective magnetizing current (referred to the 
stator). Thus, the air slit voltage referred to the stator is: 

K A,. • (•', i •/, ) 

and thus the function E s = f (") also is a straight line. 

The increase of the sum (J 8 + J£) with the ratio !! is very 
small since it is not caused by asymmetry but by the increase of 
the rotor terminal air slit flow or E s because of the increase of 
the rotor terminal voltage. If the ratio “ is changed con- 
sidering that the air slit voltage remains unchanged, the sum 
(J 8 + Jr) remains unchanged and positive since it actually 


1) This fact is shown by an exact procedure to separate the stray 
reactance of a slip ring rotor machine. The machine is d.s. 

operated and stator and voltage are adjusted according to the 
ratio «=« The mechanic output is also adjusted such that 

the machine covers its copper losses by the net. Under these con- 

ditions, the ratio J£/Js thus equals the ratio As will 

be shown later (Fig. 38) the Ohm-resistances have no considerable 

influence on the magnitude of the currents in this experiment. 

By a common short circuit experiment, the sum v,',, is cal- 
culated and thus the individual stray reactances can be calcu- 
lated. This procedure is used to separate the stray reactances 
of experimental machines (see chapter (8.1.)). 
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represent the magnetizing current necessary for the production of 

the air slit flow. Consequently, the asymmetry does not cause an /80 

increase of the complete blind current at constant air slit 

voltage i Due to the blind output of the stray reactances 

(•/„’ *o. or J r * A' 0f ) an increase of the total blind terminal 

voltage of the machine at constant air slit voltage is caused by 

the asymmetry. In Fig. 38 the output (obviously purely blind) of 

each side as well as the total output of the machine are shown. /79 


a) 


b) 



: lagging 
(■agnetizing) 

: leading, 
(de-magn.) 

: stator blind 
power 

:tctal blind 
power 

: rotor blind 
power 

: total blind 
power/V 

: unilateral 
stator magn. 

: constructional 
asymmetry 

: uni lateral 
rotor magn. 

‘.blind power 

: current 


Ohm resistance neglected 
Ohm resistance considered 


Fig. 38. Influence of asymmetry during ideal no-load operation. 

\U K .z i so v«lt in! .Y 0> -o.nr. A' (1< - 27,:i 2r.1i/. iram r/min. 
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The increase of the total output of the machine lies quite 
far outside of the field of magnetizing similarity and it is 
stronger to the right than to the left because the air slit 
voltage and thus the magnetizing blind output increases with the 
increase of U r . For the same reason the total output does not 

have its minimum near " « i , but rather far to the left of it. 

U 

In order to compensate this influence of change of the air slit 
voltage for the total output so that only the influence of 
asymmetry remains, the total output at every point is divided by 
the corresponding value of E 8 2. This results in the total output 
per volt of the air slit voltage (Fig . 38) . It can be concluded 
that the asymmetry causes an increase of the total blind output 
of the machine, which Increases the faster the more the ratio 

" deviates from 1 . Within the field of magnetizing simi - 
larity the Increase of blind output caused by the asymmetry is 
essentially insignificant . 

The above results were derived without considering the Ohm 
resistances. In order to show the influence of the resistances 
on these results , the currents J 8 and were calculated after 

the equations (34c) and (36b) for ideal no-load operation. The 
dashea line in Fig. 38 represents the calculated results with 
the consideration of the resistances. No considerable differ- 
ence exist? between the calculated results with or without con- 
sideration of the Ohm resistances for constructional asymmetry 
and small degrees of essential asymmetry, only for large degrees 
of essential asymmety a small difference exists. 

In order to limit the blind power intake, the machine should 
function within the field of magnetizing similarity. In this 
respect it is most favorable to chose “ = ■ (i.e. ,« = i for parallel 
connection) since this case corresponds to the minimum blind out- 
put per volt (Fig. 38). It will be shown in chapter (7.6.), however, 
that the ratio has to be a < « , in order to make best use of the 

machine, i.e., to maintain the maximum continuous output of a 
certain machine. 


(7.4.) Characteristics of the constructional 
asymmetric machine 

In Fig. 39 the compensation circles and circuits diagrams of a 
constructional asymmetric machine are shown. They are calculated 
for the same machine I as in chapter (7.2.) for the symmetric ma- 
chine without the prerequisite of symmetry of the constants. The 
sum of the constants (R s + R r ') or (A'„, + A'J is the same in both 
cases and thus the difference between both cases is only caused by 
the constructional asymmetry . The circle diagram obtained assuming 
asymmetry is drawn with lines in Fig. 39 for each side in the respective 
scales. It can be seen from it that the influence of constructional 
asymmetry during demand shows mainly in a very considerable shift of 
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the center of the one circle above and of the other below the 
abscissa . The ratio and the x* component a of the centers, however, 
are only insignificantly influenced. This shift of the circles in 
two opposite directions obviously causes a certain dissimilarity of 
the currents as well as a considerable dissimilarity of the power 
factors. The circle of the side with the larger Ohm resistance 
(rotor) is shifted above the abscissa and thus this side will have 
a considerably larger and the other side a smaller output during 
motor operation. Quite in the contrary, during generator operation 
the first side will have a smaller and the other a larger power 
factor. 


circle diagram of 
m /the sym. machine to 
_ i stator scale 



circle dia- 
gram of the 
sym. machin 
rotor scale 


100' 


compensation circuits 
equations 


0 7 2 . * * Srm 


s T v ' wn , 3* 

? j i i_l i 

/?,.<> mo r 0 / .t$na 
“I aw — qir-|A\v — w — t > 

%so$s$n I ‘O$soci t l 

U r * 7fyc// & I ^ 


Rotor 




• t± 9 t*Ci 


Fig. 39. 


Compensation circuits and current diagrams of a construc- 
tional asymmetric machine. 


n. 


I .Ml Volt. I\ Volt, ii 

1,14 It, - <Mrt.'i U. X„ 4 - 


t.:to a. 


ii/. i'i'h* r/min 

a,, - mm u. a „. « 


27, s a. 


Scales: stator current : lcm. -10,0 Amp./ph., rotor current :1cm. »37, 35 

Amp./ph., inner output : lcm- 10 , 39kW (total)- stator terminal 
output :1cm. -4 ,5kW (total), rotor terminal output: lcm. -8, 40 
kW (total) . 
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This shift of ths circuits caused by constructional asymmetry has 
another important consequence on the load capacity of the machine 
or its continuous output*) . Since the terminal output of the stator 
differs only slightly*) from that of the rotor, and the power 
factors are dissimilar, the supplied current of the side with largt - 
resistance is considerably smaller than that of the other side 
during normal motor operation and considerably larger during normal 
generator operation. This fact can also be seen from Fig. 40, where 
the characteristic lines of the machine are drawn as function of the 
inner output in the complete possible operating field. They were 
calculated after the circuit diagrams (Fig. 39). The currents J 8 and 
Jr' are the same only at a very low demand, otherwise they differ 
in the sense that j t > j; " during motor operation and during 

generator operation at stable run. 

The characteristic lines of the machine (Fig. 40) have the same 
character as the symmetric machine. The characteristic lines of 
the stator, however, differ from those of the rotor. Everywhere in 
the theoretically possible field, the currents J 8 and J r ' do not 
differ much, although they do show a large deviation within the 
applicable field. The deviation of the currents is about the same 
everywhere. The difference between the terminal outputs as well as 
between the power factors is the larger, the larger the inner out* 
put is . Stator or rotor terminal output as function of the inner 
output is an ellipse and thus the function of the complete terminal 
output of the machine /\.„ * /’*,+/'*.,-/ (/',) also is an ellipse, as 

shown in Fig. 40. An important comparison between the symmetric and 
the constructional asymmetric machine is obtained by comparing the 
energy-ellipse /» tjf « /(/»,•) of both cases. These are again shown 

in Fig. 48 (chapter (7.5.)). The ellipse B corresponds to the 
studied case of a constructional asymmetric machine and ellipse A 
corresponds to the same machine with symmetry presumed (chapter 
(7.2.)). The comparison between both ellipses shows in the first 
place that a decrease of sweep output or momentum of motor and ge ne- 
rator operation is caused by the constructional asymmetry . The ef- 
ficiency which, of course , is only important for the practically 
applicable field, is not considerably decreased by the construc- 
tional asymmetry since both ellipses almost coincide within this 
field. 

Another theoretically important consequence of asymmetry is the 
state corresponding to the points Pkg or P^r (Fig. 39). This state 
differs somewhat from the corresponding one of the symmetric machine . 
As Fig. 40 shows, the currents J 8 and J r ‘ are not the same at this 
state and thus the amplitude of the resulting flux wave does not 
equal zero. This way a small Induced voltage proportional to the 

difference \J. - «VI exists in every part and every current is 


1) See chapter (7.6.) 

2) Only by the same amount as the difference between the copper 
losses of the two sides. 
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•wt.tor current* M s rotor current; c) : motor operation; d) : practically applicable 

operating field for continuous demand; e):total terminal ^I; t ^ ! !^2 a rpoIer* 
«): rotor current; h) : inner power; i): generator operation; j). total terminal. power, 

k): supplied- ; 1): terminal power; m):received- ; 

Fig. 40. Characteristic lines of the constructional asyrametric 
machine in the theoretically possible' working field. 

U fi - 150 V. , U r - 75 V. , u - u - 2 25 Hz, 1500 r/min. , 

Rg - 1.14 R r - 0.465 - 1.30 .v„, - 0.355 * M .“ 27.3 

- ■ ■ ; characteristic lines of the stator and total output 

- — } characteristic lines of the rotor . 
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perpendicular to the corresponding Induced voltage since the inner 
output equals zero. One of the currents then is purely magnetizing, 
the other purely de>magnetlzlng. The compensation circles and the 
combined space and time vector diagram of the machine at this state 
are shown in Fig. 41. 



Stator compensation circuit 



Rotor compensation circuit 



Fig. 41. Compensation circuits and combined space and time vector 
diagram of a constructional asymmetric machine for the 
state represented by point Pfc g or ?kr (®*chine I). 
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The magnitude of the parameter r g results from equation (51b) and 
that of the parameter r r from a similar expression!) , 


(7.5.) Characteristics of the essentially 
asymmetric machine 

The characteristics of the essentially asymmetric machine shall 
be explained with three examples which were calculated for the 
experimental machine I?) . The machine has a transmission ratio 
« *2.00 and its normal voltage is 150 V per stator phase or 75 V 
per rotor phase. The calculations were done for three different 
degrees of essential asymmetry . They are: 

Case (1) : V„ - 147 Volt, V' « 7*1 Volt. 


Substituting these values in expression (46a) for the disslml- /§£ 
larity factor, we obtain: 


, «;+ *2, + **«.** + *£( I - “!) 

«’ K*+x;+2.v,^+xili-;;i 


Thus, this case corresponds to a positive dissimilarity factor 
and lies within the field of magnetizing similarity. 

Case ( 2 ) : r. .. 153,5 Volt, = 7:1.2 Volt. 


This results in: K ■ 0.00 

The dissimilarity factor equals zero and thus this case cor- 
responds to a border of the field of magnetizing similarity, namely, 
the unilateral stator magnetization . 

Case (3): r «. 144 VoU, r r = 7 !* Volt. 

This results in: K • -12.50 


1) In this case the parameter r 8 or r r practically has the value 
ro 8 or ro r . 

2) The assumed constants of the machine are: «. X. i.ft 

OIm„. H, * 01 ,,,,. .V„ - <>«•••*. .V^ - 27.3 
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This case corresponds to a negative dissimilarity factor and 
thus lies outside of the field of magnetizing similarity. It cor- 
responds to a de-magnetizing stator , since the denominator of the 
expression of K is negative” 

In order to draw a real quantitative comparison between all 
three cases, we chose the voltages U s and U r so that the sum U 8 +U r ' 

is about the same in all three cases (about 300 volt) , thus the air 
slit induction also is about the same. A calculation example of the 
compensation circles and current diagram is given in annex I. 


Case (1) : Within the field of magnetizing similarity : 

Fig. 42. shows the compensation circles of the machine and its 
combined circuit diagrams under the conditions of this case . The 
dashed circles in the same figure show the circuit diagrams of the 
machine operating as a constructional asymmetric machine (i.e., with 
voltages of 150 and 75 volt) (chapter (7.4.)). As already mentioned, 
this case lies within the field of magnetizing similarity and thus 
both machine parts accept magnetizing currents during ideal no-load 
operation (point Pq s and P() r > Fig. 42.). But since the ratio is 
u < a , this state is close to the unilateral rotor magnetization 

or in other words, because of this essential asymmetry, the rotor 
accepts a larger part of the necessary magnetizing current during 
ideal no-load operation than the constructional asymmetric machine - 
as also indicated by the points Pq and Po r - This way the stator 
current is shifted close to the origin and the rotor current far 
away from it and an increase of the power factor of the stator as 
well as a decrease of that of the rotor during motor as well as 
generator operation is caused . 

The characteristic lines of the machine in the complete 
theoretic operating field were calculated with the help of the circuit 
diagram and are shown in Fig. 43. In their general character they 
do not differ from .hat of a symmetric or constructional asymmetric 
machine. The characteristic lines of the currents only show a con- 
siderable change in the practically applicable field where the rotor 
current is slightly larger and the stator current smaller than in 
the constructional asymmetric machine, which is obviously caused by 
the transfer of magnetizing current from rotor to stator. Thus the 
difference betweer the currents J s and Jr' at maximum demand is 
smaller during motor operation and larger during generator operation 
than it is for the constructional asymmetric machine. The rotor pow- 
er factor of the constructional asymmetric machine at maximum demand 
during motor generation was much larger than that of the stator. 

Since the rotor in this case, however, has a considerably larger part 
of the magnetizing current - compared to the constructional asym- 
metric machine - its power factor is smaller than that of the con- 
structional asymmetric machine and relieves the stator of a part of 
the blind current. 
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Fig. 42. 


Scales : 



Compensation circles and current diagrams of an essen- 
tially asymmetric machine. 

Case (1): Within field of magnetizing similarity. 

u, = M7 Volt. u r = 7 « Volt, « = 2 2r> Hz. ir,oo r/min . 

A*, = 1,14 SJ, X„ t -- 1,30 a, ll r - 0,405 Q, X a = 0,355 O, X M< = 27.3 J? 

stator current :1cm =10Amp /Ph. , rotor current: lcm = 
36.2Amp /Ph. , inner output:lcm =10.18kW (total), stator 
terminal output :1cm =4.41kW (total), rotor terminal out 
put ;lcm =8.25kW (total). 



^r> iz Bmp Stetorsfrom d) 
LC- itRmp. Rotorstrom ©) 


V I I wnere Let's tunc k n - 

\Praht isch \an wend ba res 

Rrbeitsgebiet* Bauer 
3e/r/eS^_^ — 

'TUk 


' I L,«, 

a) .-stator current; b):rotor current; c):total terminal power; d):stator current 
e):rotor current; f): inner power; g) : practical ly applicable operating field for 
continuous demand; 


Fig. 43. Characteristic lines of the essentially asymmetric machine 
in the theoretically possible operating field. 

Case 1: Uo = 147 V , U r = 76 V , u = 2 25 Hz, 1500 r/min. (within 

the field of magnetizing similarity) . 

’ Characteristic lines of stator and output of the 

machine . 

! Characteristic lines of rotor. 




.maim&l PAGE is 



Rotor 


Fig. 44. Compensation circles and current diagrams of an 
essentially asymmetric machine 

Case 2: Unilateral stator magnetization 

r , - 153,5 Volt, V r = 75,2 Volt. « = 2 25 11*, 1500 r /min . 

/l \ - I.H o, X - 1.30 1 1, It, ■- 0,4(15 U, X„ ^ 0,355 U, X.. - 27,3 fl. 

Scales: stator current :1cm. =10. OAmp. /ph. , rotor current:lcm= 
39.0 Amp./ph., inner output :1cm. =10. 63kW (total), 
stator terminal voltage: lcm. =4. 605kW (total), rotor 
terminal voltage: lcm=8. 56kW (total). 
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Case 2; Unilateral stator magnetization 


In this case U 8 > U r ', i.e., « > a and thus the stator takes 

over a larger part of the magnetizing current during ideal no-load 
operation. As already mentioned, the voltages are chosen such that 
tne stator takes over all of the magnetizing current during ideal 
no-load operation. Thus, the stator circle shall be shifted far from 
the origin parallel to the abscissa, and the rotor circle shall be 
shifted in the same direction until the latter passes through the 
origin. The compensation circles and circle diagrams were calculated 
and are shown in Fig. 44 where the shift of the circles becomes ob- 
vious. By this shift a decrease of the power factor of the stator 
and an inrease of that of the rotor during generator as well as motor 
operation is caused . The increase of the power factor of the rotor 
is large enough in this case for the rotor to accept a leading 
current in a part of the motor field as shown in Fig. 44. This intake 
of leading current (de -magnetizing current) is unfavorable especially 
since it also exists during maximum demand because it is balanced by 
an additional lagging current of the other side as shown previously. 

Both currents then are larger during motor generation and the load 
capacity of the machine is limited . 

The characteristic lines of the machine were calculated after the /90 
circuit diagrams and are shown in Fig. 45. It shows the increase of 
the power factor of the rotor and the decrease of the stator power 
factor during motor as well as generator operation as compared to the 
constructional asymmetric machine and thus they deviate more from 
each other during motor generation and less during generator opera- 
tion. Both power factors which differ significantly in the construe- /92 
tional asymmetric machine during generator operation, are thus almost 
equal in this case during maximum demand as generator due to the 
asymmetry which relieves the rotor from a part of the blind current. 

Thus both currents J s and J r ' become almost equal during maximum 
demand of generator operation. During motor generation the difference 
between them is, because of the chosen essential asymmetry, larger /93 

than in the constructional asymmetric machine. 


Case 3: Outside of the magnetizing similarity field : 


The compensation circuit and circuit diagrams of the machine in 
this case are given in Fig. 46. The influence of essential asymmetry 
can be seen which causes the shift of the rotor circle far from the 
origin and of the stator circle almost parallel to the abscissa since 


f V > . The rotor thus should take over a large part of the ma- 

gnetizing current as compared to the constructional asymmetric ma- 
chine. The extent of the essential asymmetry is in this case large 
enough for the stator to take over de -magnetizing (leading) current 
already during no-load operation (point Po« » Fig. 46). Thus, the 
stator circle has a part to left of the origin in the motor and ge- 
nerator field. In this part of the circle diagrams the rotor takes 
in a blind current which is larger than the blind current necessary 
for field generation and coverage of stray k.v.a. in order to compen- 
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Fig. 45. Characteristic lines of the essentially asymmetric 

machine in the theoretically possible operating field. 
Case 2: Unilateral stator magnetization. U 8 - 153.5 Volt, 

U r - 73.2 Volt, u - 2 25 Hz, 1500 r/min. 

characteristic lines of stator and total output 

-L-) characteristic lines of rotor. 
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sate Che de-magnetizlng effect of the leading current. 



Fig. 46. Compensation circles and current diagrams of an essentially 
asymmetric machine. 

Case 3: Outside of the magnetizing similarity field; stator de- 

magnetizing 

v, = v«»it. v r = 7 » Volt. « = i an ii/, ir,oo r/min. 

It t ~ 1.14 u. A ' 0 , i.:io it. i: r 0.405 U, x„ w 0 .: t 55 Q. X" - 27,3 Q. 

Scales: stator current :1cm «10Amp./ph., rotor current :1cm *33.87 

Amp./ph., inner output : lcm-9 . 903kW (total), stator terminal 
voltage: lcm. -4. 29kW (total), rotor terminal voltage : lcm* 

8 . 03kW (total). 
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Fie 47. Characteristic lines of the essentially asymmetric 

machine in the theoretically possible operating field. 
Case 3: Outside of the magnetizing similarity field (stator 

de-magnet lzltig)._ „ „ 5 . 2 25 Hz> 1500 r/mln . 

— - ) characteristic lines of stator and total output 
characteristic lines of rotor. 
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As Fig. 47 shows, the rotor current Is much larger than the stator 
current in this part of the circle diagrams. Because of this pro- 
nounced asymmetry of the currents the continuous output of the 
machine is strongly limited especially during generator operation. 

The asymmetry is much smaller during motor operation as can be seen 
from the circle diagram, and the currents Js and J r ’ do not differ 
much, especially for large outputs . 

Considering these three examples it can be concluded that the 
influence of essential asymmetry consists mainly (and to a very 
large extent) in the unequal distribution of the magnetizing cur - 
rents among both machine parts as explained in chapter (7.3.) . 

During operation, this influence becomes evident essentially in a 
shift of both current circles of the machine in the same direction , 
almost parallel to the abscissa. The circle of the side with the 
larger voltage is shifted far from the origin, the other one close 
to it. This is the case because the first side has to take over the 
magnetizing current of the second side in order to compensate the 
essential asymmetry (chapter 7.3.). This shift of the circles 
evidently causes an increase of the power factor of the second side, 
during both motor and generator operation . We have shown, however, 
in chapter (7.4.) that the constructional asymmetry causes a shift 
of both circles in opposite direction perpendiculat to the abscissa ; 
Thus, the power factor of the one side increases. The power factor 
of the other side decreases during motor generation and vice-versa 
during generator operation . The influence of essential asymmetry 
thus differs fundamentally from that of constructional asymmetry, 
although we deal in both cases with merely an unequal distribution 
of the magnetizing current among both machine parts . By any kind of 
asymmetry the magnitudes of the currents are influenced due to the 
take over of the magnetizing current from one side to the other. 

Thus, the essential asymmetry provides the possibility to transfer 

any ratio of the blind current from one side to the other and thus 
to control the magnitude of the currents within wide ranges in a 
very simple way . This fact has an important success, namely, the 
complete utilization of the machine by chosing an extent of es- 
sential asymmetry in a manner that both currents J 8 and .T r ' reach 
their allowable values at the same time during operation (see 
chapter (7.6.)). 

The influence of asymmetry on the sweep output and the effect- 
iveness of the machine can be demonstrated by the comparison of 
the "energy ellipses" of the machine (PkM “ f (Pi)) • They are shown 
in Fig. 48 for all three discussed cases of the essential asym- 
metry as well as for the symmetric and constructional asymmetric 
machine. The maximum inner output during continous operation as 
motor and the maximum terminal output during continous operation 
as generator are also given for every case. Ellipse A of the 
ideal d.s. operation (assuming symmetry) everywhere lies outside of 
the others and thus corresponds to the maximum sweep output and the 
best effectiveness during both motor and generator operation. As a 
comparison between ellipse B and A shows, a considerable decrease 
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i Fig. 48. Energy ellipses of the machine for various degrees 

| of asymmetry . 
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of sweep output and a alight decrease of effectiveness is caused by 
the constructional asymmetry. The comparison between the three 
ellipses C, D and E with ellipse B shows that a decrease or increase 
of sweep output and effectiveness is caused by the essential asym - 
metry according to its direction . The change of sweep output and 
effectiveness caused by the essential asymmetry in all three cases 
(i.e., not exaggerated unpractically) is not as significant as the 
one caused by the constructional asymmetry. It is Interesting to 
note that the extent of essential asymmetry which compensates the 
influence of constructional asymmetry and which causes the equality 
of the currents J 8 and J r ' during nominal load of an operating mode, 
also causes an Increase of sweep output and effectiveness during the 
respective mode of operation. This fact can be seen from a com- 
parison of ellipse B with ellipses D and C. Ellipse D which refers 
to case (2) of essential asymmetry (where the currents J 8 and J r ‘ 
have about the same values during normal demand of generator 
operation) has a larger generator sweep output as well as a larger 
effectiveness (as compared to the constructional asymmetric machine) /97_ 
during generator operation since it lies higher than ellipse B in 
this field. By comparison of ellipses A and B it is also shown that 
case (1) of the essential asymmetry where both currents J 8 and Jr* 
almost have the same values during normal demand of motor generation, 
also has a larger sweep output as well as a larger effectiveness 
during motor operation. 

It is, however, important to note that the influence of the 
essential asymmetry (if not unpractically exaggerated) on sweep out- 
put and the effectiveness of the machine is very small and of no 
considerable significance in practice. 


(7.6.) Essential asymmetry as means of enhancing 

continuous output 


T .n chapter (7.2.) and (7.5.) it has been shown that the symnetric 
machine represents the ideal model of d.s. operation, where both ma- 
chine parts always play exactly the same role in the production of 
the common field and supplying effective output. Consequently, both 
machine parts always have the same (supplied) current and the same 
power factor, and the machine has the maximum sweep and effective 
output. The continuous output of the machine which is merely deter- 
mined by the allowable values of the currents during continuous 
operation, would also be largest for a symmetric machine if the al- 
lowable values of the currents had the ratio « i.e., the currents 
J 8 and J r ' were of the same allowable value. In practice this con- 
dition, however, is by far not fulfilled. The rotor slots always 
have a smaller volume than the stator slots and thus the allowable 
value of J 8 is considerably larger than that of J r '. It is simple to 
prove that : 

J ;: h where : 
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J 8Z * allowable value of stator current for continuous operation 

J r z * allowable value of J r ' for continuous operation 

- X (allowable value of rotor current for continuous 
operation) 

J 8 , j r - allowable current density of stator or rotor for continuous 
operation 

F s , F r - complete area of stator or rotor slots 

* cross section of a slot X amount of slots 

f 8 , f r - slot filling factor of stator or rotor 
copper volume of a slot 

a volume of a slot 


F 

The ratio ,,•* Is evidently larger than 1 and depends on the size 
of the machine. ' The smaller the machine, the larger this ratio Is. 

It can Increase to about 1.6 - 1.8 (according to the number of re- 
volutions) for small machines with about 5 H.P. For still smaller 
machines It might be yet larger. The ratio V generally Is smaller 
than 1 due to the better heat emission of th^ r rotor, its value Is 
about 0.9. The ratio depends on the voltages of both machine 

parts and generally is about 0.9-1 for induction machines of common 
construction (with the rotor being purposely coiled for a smaller 
voltage) . As an example we consider the experimental machine (see 
chapter (8.1.)). For the mentioned quantities It is of the following - 
values : 

t\= 11 2 V 1 0* nun* h\ - 75, 1 X Ml* min 1 

/, * «,:»:» /, - 0,32 

j $ * 4,0 A/tnm s j f ~ 4,f» A/viuti* 

consequently: 


K 

K 


112 v M* 


75,1 x 1 O* 


i. 

if 


4 

4.5 


- O.S'I 


!. _ 

Ir ' o :t - 


1,03 


thus the ratio becomes: 

J ‘; 1 , 4 » > O.MOx 1.03 1.30 
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The rounded off values of the allowable currents are 


m 12 AmjM'IV 

j‘ t « IK Aiiiihiv, «Im» •/;, » Ampere 


and thus: 


J.. 



It is also Important to notice that the given values are valid 
for the ratios y. ** and f for asynchronous machines of common 

construction. The ratio would be larger yet for machines which are 
specifically qualified for d.s. operation. This is due to the fact 
that rather a larger induction is allowed in the rotor teeth than 
in the stator teeth of an Induction machine since no considereble 
loss of iron is produced in the rotor and more space is consequently 
available for the rotor slots. This can not be done during d.s. 
operation because these obviously are iron losses both in rotor and 
stator with net frequency. 

We see that the allowable value of stator current is rather 
higher than that of the supplied rotor current. The total utilize* 
tlon of the machine requires that both currents J 8 and J r reach 
their allowable values simultaneously, otherwise one side of the 
machine is under- loaded. A symmetric machine with identical currents 
J 8 and J r ' does not fulfill this condition and thus its load capacity 
is strongly limited by the rotor current. In the above-mentioned 
example the stator current only reaches 757. of its allowable value 
when the rotor current reaches its allowable value. This way a 
significant ratio of the continuous output of the machine is lost. 
Regarding the continuous output of the machine the symmetric machine 
thus does not represent the best model cf a d.s. machine . If a 
suitable amount of the magnetizing current was transferred from rotor 
to stator, rotor current would decrease, stator current would in- 
crease, and the load capacity of the machine would be increased. By 
applying a suitable degree of essential asymmetry, this very goal can 
be achieved. 

The ratios of a constructional asymmetric machine are about the 
same as those of a symmetric machine, but the load capacity is 
slightly greater during motor operation and slightly less during 
generator operation!) . Load capacity of a symmetric and a construe * 
tlonal asymmetric machine is generally limited by rotor current . 


1) Since the rotor slots have a smaller volume than the stator slots 
and also because of the brush voltage drop, the supplied rotor re- 
sistance R r ' is always greater than stator resistance. This is why 
the center of the rotor circle is always shifted above, and the center 
of the stator circle below the abscissa. Thus J 8 > J r ' during motor 
operation and J 8 «c J r ' during generator operation (see Fig. 40) . 
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Consequently, there Is a need for a certain degree of essential asym- 
metry so that both currents J a and J r reach their allowable values 
simultaneously with the load, and the machine can be completely 
utilized and and its continuous output increased. The voltage ratio 
u m vjr, has to be greater than the transmission rati o <t m wjw f 

for the stator to take over a greater part of the magnetizing current 
while the rotor current decreases. The necessary degree of essential 
asymmetry usually depends on the size of the machine and its operation 
(motor or generator) . It is larger In smaller machines because the 
difference between the allowable value of J a and J r * is larger In 
small machines than in larger ones; it is also larger for generator 
than motor operation because of the influence of constructional asym- 
metry (which always prevails) . 

We have to consider, however, that the ideal case when both /100 

currents reach their allowable values simultaneously with the load 
cannot always be achieved. Since the influence of essential asym- 
metry on the decrease of rotor current is only caused by the stator 
taking over blind current from the rotor, it is limited by the 
condition when the stator takes over the total necessary blind cur- 
rent of the machine during full load and the rotor has a purely 
effective current. A otill larger degree of asymmetry causes a 
greater rotor current (with leading power factor) . In special cases 
with a very large difference between J« and J r ' and exceptionally 
small magnetizing current, it might happen that the rotor current 
reaches its allowable value at a power factor equal to 1 whereas the 
stator current stays smaller than its allowable value. In such cases 
the stator current cannot be essentially smaller than its allowable 
value since the stator takes over all the necessary blind current and 
thus has rather a small power factor. 

For practical application of d.s. operation with the machine 
functioning on a single net, mainly series and parallel connection 
have to be considered. In the present literature both connections 
are considered to be equivalent and it is assumed that the most fa- 
vorable operation of the machine is reached at « = " (i.e.,«-> 
for parallel connection) 1 ) . Both assumptions, however, are not 
right . Regarding continuous output. serl*rf connection is of great 
disadvantage . since the current of the machine must in this case not 
exceed the allowable value of the rotor current during continous 
operation, thus the stator is underloaded. A very considerable 
ratio of continous output is lost as compared to a parallel connected 
machine with a suitable degree of essential asymmetry. The ratio of 
continuous output loss by applying series connection might amount to 
307. for small machines. Tne most favorable model of the machine 
can consequently be achieved with parallel connection; this way the 
total utilization of the machine can be attained by using essential 
asymmetry. In this case the voltage ratio is « - • and this is why 
the necessary essential asymmetry is attained when « < l i.e. , the 
effective number of turns of the rotor coil is larger than that of 

1) See « . 9 . , B.B.J .Herschdorfer , Arch f. Elektrot. , Bd.XX, 1932.S620/ 
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the stator coil. As we have seen the best value of « depends on 
the difference between the constants of stator and rotor (the con* 
structional asymmetry) , as well as on the allowable values of the 
currents and the mode of operation of the machine (motor or generator) . 


8. Comparison of Theory with Measurements on 
Experimental Machines 

8.1. Machine data and experimental connections 

To carry out experiments the following two machines were avail- 
able: 

Machine I: A slip ring induction motor of common construction 
with the following coil and power data for normal asynchronous 
operation: 

M.F. Oerlikon, Type -18, 4 Pole, 500 Volt 

8 Hp, 1460 T/min. , 50 Hz., 11,4 Amp. 

Stator: circuit: star, amount of slots: 48, wires in series/slot: 

25, maximum allowable current for continuous operation ■ 

12 Amp./ph. 

Rotor: circuit: triangle, amount of slots: 60, wires in series/ 

slot : 10 maximum allowable current for continous operation «= 

18 Amp./ph. 

For the experiments the machine is fed by a synchronous generator 
with 25 Hz so that the number of revolutions does not greatly exceed 
its normal value. For practical reasons regarding the transformation 
of voltage, the stator is connected in a triangle, consequently the 
effective turn ratio is: 


The assumed normal stator or rotor terminal voltage then is 150 or 75 
Volt. The constants and losses of the machine were calculated to be 
25 Hz. 

Stator: A' fft - i .-■»<» ohm, K s = i,i4 ohm (warm alternating current) 

Rotor: A'„ r = o.s.'w ohm. H r = «»,4«s ohm (warm alternating current) 

(including brush resistance at about 50% of nominal current) 

Mechanic losses + friction losses * 260 Watt (n- 1500r/min) . 

The magnetizing reactance A’ M and the iron losses evidently change 
with saturation and/or size of air slit induction and are given as 
function of the air slit voltage as referred to the stator (fig. 49). 


C-2, 
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The sum of the stray reactances was calculated by normal short 
circuit experiments. The separation of the stray reactances is 
carried out by the method suggested in chapter (7.3,). The machine 
is d.8. operated with the voltage U- * 150 V.and U r » 75 V. The 
mechanic power supplied to the machine is then adjusted in a way that 
the received electric output equals the copper losses of the machine 
(i.e. ideal no-load operation). The currents of the six phases of the 
machine are measured under these conditions and the mean value of 
J s and J r is calculated. It is very important, however, that the 
voltages are adjusted exactly since a small deviation of their ratio 
U 8 /U r , from the transmission ratio UJU r has a considerable influence on 
the currents during no-load operation: the current of one side is in- 
creased, the current of the other side is decreased (chapter 7.3.) 
and consequently a large error arises in the calculated ratio Jr'/J 8 ‘ 



Fig. 49. Change of v„ a nd losses with saturation (Machine I). 


The applied voltmeters have to be accurately calibrated and the three 
voltages of each side have to be measured in order to achieve satisfy- 
ing accuracy. Under these conditions the mean values of the currents 
are: 


J 8 ■ 2.78 Amp . 
consequently, the ratio is: 

a *, j; 

a;, ~ j, ^ • 2.78 

The short circuit experiments yielded the following mean value 
for the sum of the stray reactances: 

A' + X\ = 2.72 Ohm. 

tfi Of 


J r “ 5.09 Amp. 

ft.OU 
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220 Volt 



6S.M1 


Fig. 50. Circuit diagram for the experiments with machine I 

D.S.M. * double -fed synchronous machine. G.S.M.l - drive or load 
direct current machine. S.M. * synchronous machine. G.S.M.2 and 
G.S.M.3 - direct current machine. A.M. - asynchronous machine. 

I.R. - induction regulator. T = auto transformer. S.L. ■ synchroniz 
ing lamps . 







Consequently : 


/10M 


i " 72 

l O, -• ' “ 


1,01.*. 


I. HO Oil ill 


and 


i 

1 , 01 *. 


1,12 Olini 


or X 


O, 


is 0,Hf»f» Olnii. 

I 


In order to carry out the experiments, the machine Is directly 
coupled with a direct current machine which serves as brake for the 
motor experiments and as driving motor for the generator experiments. 
Fig. 50 shows the circuit diagram of the experimental set-up. The 
three machines a.m., g.s.m.3, and g.s.m.2 serve as Ward-Leonard 
drive for the synchronous machine s.m. the voltage of which is 
supplied directly to the stator and via the induction regualtor i.r. 
and the autotransformer I ,R. to the rotor. For synchronization the 
machine is driven by the direct current machine g.s.m.l until its 
numbers of revolutions reaches twice the synchronous value (1500r/min). 
The voltage of the synchronous machine is then fed to the rotor by 
turning on the switches Si, S 2 and S 3 . Now the stator is synchronized 
with the synchronizing lamp s.l. with the synchronous machine by 
switch S 4 . 

This switch enables the exact adjustment of the voltage on each 
side of the machine and its frequency. The magnitude and sense of 
load of the d.s. machine are essentially adjusted by exciting the 
direct current machine g.s.m.l, since the group s.m. - g.s.m .2 is 
much larger than the group d.s.m.-g.s.ml. The d.s. machine works as 
motor or generator whenever the induced voltage of the direct current 
machine g.s.m.l is larger or smaller than the voltage of the direct 
current net. Since the group s.m. -g.s.m.2 is much larger than the 
group d. s.m. -g.s.m.l, the frequency of the synchronous machine (and 
consequently the number of revolutions of the group d.s .m. -g.s .m. 1 ) 
will not change much during demand. The induced voltage of the direct 
current machine g.s.m.l- and consequently the demand - thus mainly 
depends upon exciting the direct current machine g.s.m.l. 

Machine II: For the experiments with series and parallel connec- 
tions a special machine has been coiled with a turn ratio >> - 1 for 
50Hz and the corresponding number of revolutions during d.s. operation. 
It has the following data and constants: 

H Voll Tli;isr/Ncil«\ II/.. 2immi T/Miii.. »i l’<>l«‘*. 


Stator: Circuit: star, number of slots: 36, wires in series/slot: 

30, maximum allowable current for continuous operation * 10 
Amp. /ph. 

Rotor: Circuit: star, number of slots: 54, wires in series /slot: IX 05. 

20, maximum allowable current for continuous operation ■ 7 
Amp . /ph . 
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x 0i = 1,75 ohm, n, - 0,99 ohm warm, alternating current 

** = 2,30 Ohm, it, =: 1,68 ohm warm, alternating current, including 

brush resistance at ca*50X of nominal current. 

Mechanic losses + air friction losses - 180 Watt 

Magnetizing reactance and iron losses are also given as function 
of air slit voltage in Fig. 51. 



Fig. 51. Change of and of losses with saturation (Machine II) 

A - no-load operation as motor, B = motor operation, 

50% nominal output, C « generator operation, 50% nominal 
output . 

The stray reactances were calculated after the same method used 
for the preceding machine . Since the ratio is n = i , the condition 
« = « is satisfied by parallel connection, consequently the pro- 
cedure is much simpler in this case. Only the currents of the 
parallel connected machine have to be measured during ideal no-load 
oeration with normal voltage. A very accurate adjustment of the 
voltage is unnecessary in this case. The following mean values of 
the currents under these conditions were obtained: 

J s = 5.15 Amp. J r • 3.92 Amp. 

consequently: 


v 

M\O t 

K 



a, 92 

5,15 


= 0,761 


The sum of stray reactance was calculated from the short circuit 
experiment. It is: 
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This results in: 


+ X, 


Of 


4,05 Q 


X a 


X 


o. 


= 4,05 • 


= 4,05 • 


0,781 

1,701 

I 

1,701 


1,75/2 


2,30 Q 



The circuit diagrams for the experiments on this machine are shown 
in Fig. 52; a - parallel connection, b - series connection. The syn- 
chronizing procedure for parallel connection is the same as explained 
previously tor machine I*. For series connection, however, the d.s.m. 
is first switched to the stationary synchronous generator s.g. with 
switch S2- The generator is excited. Both will then slowly be 
driven by the machine g.s.m.2 of the latter until the nominal number 
of revolutions is reached and then synchronized with the net by switch 
Si. Switch S 2 is then switched off. In both cases a) and b) the 
demand evidently is only determined by exciting the direct current 
machine g.s.m.l. 


(8.2.) Operating curves 


Load experiments were carried out for motor and generator opera- 
tion with the following voltages: 


1. U 8 

2. Us 

3. U 8 


Machine I: motor operation 


150 Volt, U r 
143 Volt, U r 

160 Votl, U r 


75 Volt (constructional asymmetry) 

75 Volt (approximately unilateral rotor ma- 
gnetization) 

70 Volt (distinct essential asymmetry, rotor 
de-magnetizing) 


generator operation 


1. U 8 

2. U 8 

3- Us 


150 Volt. U r 
150 Volt, U r 

160 Volt, U r 


75 Volt (constructional asymmetry) 

72 Volt (approximately unilateral rotor ma- 
gnetization) 

70 Volt (distinct essential asymmetry, rotor 
de-magnetizing) 


Machine II: 

parallel connection, 380 Volt, motor and generator operation 
series connection, 760 Volt, motor and generator operation 



1; 


!j 

Ji 

A 
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For each of che mentioned cases operating curves (currents, 
received power, power factors and efficiency as function of the 
supplied power) were theoretically calculated and controlled by 
measurements in a load experiment. In order to find out the supplied 
or received mechanical power, the losses of the direct current ma- 
chine were calculated and its supplied or received electric power 
was measured in the experiment. 

The theoretical calculations were carried out as follows: first 
the compensation constants are calculated and then the various 
quantities from the compensation circles for various values of the 
parameters within the practical operating field are calculatedl) . An 
example for these calculations is given in annex II. 

The change of saturation during load causes a considerable de- 
viation between the measured results and the results calculated for 
constant saturation. As Fig. 51 shows, the magnetizing reactance 
Ap of machine II changes between no-load and half-load operation by 
about 3% for motor operation and by 4% for generator operation. The 
ratios of machine I are more unfavorable, the corresponding values are 
about 8% for constructional asymmetry. In order to remove this in- 
fluence of saturation change on the comparison between measured and 
calculated results we assumed a value for a m (and for the iron 
losses) which corresponds to the air slit voltage at 507. of nominal 
power for each calculated case. Also the resistance of the rotor 
circle changes with the current due to the brush voltage drop. The 
assumed and above-mentioned values of rotor resistance correspond to 
half of the allowable value of the rotor current. The constants of 
the machine which were assumed for the calculation of the operating 
curves are consequently valid for about half of the continuous out- 
put. 


Figures 53 to 62 show the calculated operating curves for all 
eight above-mentioned cases . The measured points are also plotted 
in the same figures. A good correspondance resulted in all cases be- 
tween the measurements and the theoretically calculated results. 
Figures 53 to 58 of the first machine show clearly the extent of in- 
fluence on the behavior of the machine during operation by the rela- 
tionship of its terminal voltages (the essential asymmetry) . They 
differ essentially (to a very large extent) in their currents. 

Figures 53 and 56 show the character of constructional asymmetry, i.e. 
a smaller (compared to stator current) supplied rotor current during 
motor operation and a larger during generator operation. The dif- 
ference between both currents is almost the same in both cases in the 
total operating field. The influence of essential asymmetry on 
currents and power factors as explained in chapter (7.5.) can be 
seen in figures 54, 55, 57 and 58. 

Figures 59 and 60 of the parallel connection (machine II) ob- 
viously also have the same character of constructional asymmetry. 
Figures 61 and 62 represent the characteristic lines of the machine 


1) In order to obtain sufficient accuracy, graphic determination was avoided. 
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for series connection. A comparison between the operating curves of 
both connections shows the important fact that there is no differen- 
ce between the characteristic lines of both connections as long as 
power and current of the total machine are considered. For a 
certain supplied power, the machine always takes in the same 
total power and double net current and consequently has the same 
total power factor during parallel as during series connection. 

There is a very considerable difference, however, between the 
currents J 8 and J r or the power factors cos and cos 7f of parallel 
connection. The constructional asymmetry consequently has no con - 
siderable influence on net current and output of the complete ma - 
chine during parallel connection; it is only effective (very clearly ) 
in the sharing of this net current among both machine parts . This 
result agrees with the above -explained fact that asymmetry only con- 
siderably affects the division of blind current among both machine 
parts . 

The increase of continuous output caused by this influence of con- 
structional asymmetry during parallel connection - as compared to 
series connection - for motor generation and its decrease for genera- 
tor operation (chapter 7.6.) is also shown in figures 59 to 62. The 
continuous output for parallel connection is: 

motor operation: 7.15kW (supplied mechanic output) 

generator operation: 6.05kW (supplied electric output) 

and for series connection: 

motor operation: 6.00kW (supplied mechanic output) 

generator operation: 6.20kW (supplied electric output) 

In all these cases the machine is not totally utilized, the stator 
is underloaded in any case (Fig. 59 to 62). As we have seen in chapter 
(7.6.), the total utilization of the machine can be reached by parallel 
connection with a suitably chosen transmission ratio « i . 
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Fig. 53. Operating curves; motor operation, 25 Hz, 1500 
r/min. 

U 8 - 150 V, U r ■ 75 V ; u ■ u ■ 2 (machine I) 

a): stator current; b) : rotor current; c): received 
power; d) '.calculated characteristic lines; 
e) measured points; f) : supplied power; 
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c) : loading 
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Fig. 55. Operating curves; motor operation 
25 Hz, 1500 r/min. 

U 8 - 160 V, U r - 70 V, u - 2 
(rotor dc-magnetizing , machine I) 
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Operating curves; generator operation 
25 Hz, 1500 r/min. 

Ug - 150 V. U r - 75 V, u - u - 2 
(machine I) 

a) : stator current; b);rotor current; c):received power; d) : calculated 
characteristic lines; e) :aeasured points; f) supplied power; 
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Fig. 57. Operating curves; generator operation 
25 Hz, 1500 r/min. 

U 8 - 150 V, U r - 72 V, u - 2 (machine I) 



Fig. 58. Operating curvet; generator operation 
25 Hz, 1500 r/min. 

U 8 - 160 V, U r - 70 V, u - 2 
(rotor de-magnetlzlng, machine I) 


a): stator current ; b):rotor current; c): leading; d) received power; e):calculated 
characteristic lines; f);neesured points; g) supplied power; 
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Fig. 59. Operating curves; parallel connection, 
motor operation. 

u « 1, 380 V, 50 Hz, 2000 r/min. (machine II) 
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Fig. 60. Operating curves; parallel connection, 
generator operation. 

u * 1, 380 V, 50 Hz, 2000 r/min. (machine II) 
a):current; b):net current; c):received power; d) : calculated characteristic lines 
e) measured points; f) : supplied power; 
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Fig. 61. Operating curves; series connection; motor 
operation. 

u = 1 , 760 V, 50 Hzm 2000 r/min. (machine II) 



Fig. 62. Operating curves; series connection; 

g enerator operation. 

- 1, 760 V, 50 Hz, 2000 r/min. (machine II) 

a):current; b):received power; c) : calculated characteristic lines; d) measured 
points; e) : supplied power; 
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The very common case of the double-fed synchronous machine was 
treated In this study, stator and rotor of a machine having asym- 
metric constants and dissimilar number of turns; they are fed by 
voltages of different magnitudes and phases. Both motor and generator 
operation are studied. The main equations are set up and solved by 
observing the periodic change of the counter inductances between 
stator and rotor. The following results were obtained: 

1. The general differential equations of the machine. 

2. The vector equation for stable operation. 

3. Combined space and time vector diagram for the relations between 
the various space and time vectors. 

4. The general solution of the main equations and exact calculation of 
current and output of each part of the machine for any chosen degree 
of asymmetry . 

5. Compensation circuits of the machine. 

6. Impedance and current locus curves. 

7. The characteristics of double-feeding synchronous operation under 
the various operational conditions and the influence of asymmetry 
of constants and voltages on the behavior of the machine. 

The studies on various degrees of asymmetry as well as series and 
parallel connections were carried out on two experimental machines and 
they conform well with theory. 

A method for exact separation of stray reactances of stator and 
rotor is suggested and applied to both experimental machines. 

It was found that a certain degree of asymmetry is necessary for 
total utilization of the machine. It could be shown accordingly that 
the parallel connection with « < • is more favorable than series con- 
nection since it makes a saving of material possible which might 
amount to more than 407 o . 
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Calculation examples after the circle diagrams 
Data : (Case (3) of the essentially asymmetric machine, chapter (7.5.)) 

K„ = 1,14 Ohm, X B = 1,30 Ohm, R, = 0,465 Ohm, A\* = <>,355 Ohm 
A' /( = 27,3 Ohm, it ' = 2,00 , U„ = 143 Volt , U, = 7«» Volt. 


Calculations : 


A' m = 27, 3/(2)* = 0,825 Ohm. 


The dissimilarity factor is derived from equation (46a) 


K - -12. 501 

After equations (38a) to (38d): 


(control : 


r n> ■ + 4,280 Ohm 
A’" 0< = -50.017 Ohm 
r„‘ 0,342 Ohm 

A' 0 — 4.52!) Olirn 

,0 ‘ = + 1 2,501 'J. "• = + 1 2,501 ) 


It can be concluded from equation (40a) : 


Likewise: 


Y, 1(i = - V 18,32 + 3205,48 - 2320,3 = 20,008 Ohm 


A',, - + \ 0.1172 + 20.5100 - 14,004 =-- +2,303 Ohm 


(control: =-12,501 ) 

' l l‘o. 


) 


Consequently the compensation constants are: 

Stator : (equation (43)) 

R, = 1,140 + 4.280 = + 5.420 Ohm. 

JV 1.300 + 27.300 + 20.008 - 50.017 = + 1.801 Ohm 
A' > T 2 . ( - 20 . 00 M) ^ - 50.810 Ohm. 


Rotor : (equation (45)) 


R r 0,405 I 0.312 I 0,807 Ohm 

A, 0,355 + <1.825 2.302 4.520 i o. 250 Ohm 

.Y ’ 2.2.303 ■ 1.780 Ohm. 
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The dimensions of the current circles consequently are; 
Stator : (equation (53b)): 

x = +50.0 Amp. 
y = -9.67 Amp . 

R = +53.4 Amp 


Radius of the circle determining the power line: 

[ * = I n/L’ . 1,14 * 02.7 Ampere 


Scale of the inner output in vertical direction: 

X / l f _ •_> . II, ■ >i I i:i + 2 • 1 , 1 1 • tu.7 1 05,05 Volt 

Rotor : (equation (53d)): 

x = +107.0 Amp. 
y = +32.6 Amp. 

R = +96.6 Amp. 

Radius for the circle determining the power line: 

* r 7(1 / ■> o.405 = 85,0 Ampere 


Scale of the inner output in vertical direction: 

,V m V r — 'l . H r >1 = 71* — 2 . 0.405 . 52, 0 = 48,7 Volt. 

Reduction factor (=ratio of scales) = S s /S r = 165.05/48.7 = 3.387 

Consequently the reduced dimensions of rotor circuit are: 

x = 107.0/3.387 - 31.60 Amp. 
y = 32.6/3.387 = 9.62 Amp. 

R = 96.6/3.387 = 28.53 Amp. 

Radius of the circle determining the power line: 

85.0/3.387 = 25.1 Amp. 

The figure (page 110 ) shows the circle diagrams with a scale 1 cm = 
4 Ampere. The various scales are: 


: 1cm = 

Stator 

Rotor 

Machine 

current. Ampere/phase 

4 

13.55 

- 

inner output, total, kW 

1.98 

1.98 

3.96 

terminal output, total, kW 

1.716 

3.210 

- 
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ORIGINAL 

OF POOR 


compensation circuits: 
(equations (43) or (45)) 


i . 


/♦Jfo'/ 


ffotor 


SfJfO 


Circle diagram of the essentially asymmetric machine, case (3). 

,r u:t Voii, i 79V..H. »- 2 r. ii/.. i 5 (M» r/min . 

i: = 1.14 !). It, 0,4t!5 SI, X„ - uoff. v„ - O.IWS it S t ,' = 27.5 0 

For the given points and multiplication by the corresponding scales 
the following data from measurements of the circle diagrams are ob 
tained : 



» 

I 


ORIGINAL PA5~ i 

OF POOR QUALITY 


Stable operating field 

I 


* M 



( ’«w 


'V 

< os 


k\V 

Amp. 

k\V 

(i 

it 

Amp. 

k\V 

n 

it 

k\V 

18.7 

39,6 

14.8 

so.s 

77.9 

17.8 

90.2 

32.5 

1.1 

22,3 

9.1 

95,2 

43,9 

10.0 

90.3 

19.1 

10 

13,2 

5,9 

98.8 

27,1 

5,9 

91,5 

1 1.5 

5 

o.i 

2.0 

98.7 

10,7 

2,7 

08,3 

5.3 

0 

2.4 

0.0 

3.3 

15,3 

0,3 

3.9 

<‘.4 

15 

15,9 

0.7 

98.3 

37.4 

5,7 

04,2 

12.4 

30 

28,0 

12.3 

1 00,0 

01.3 

9.9 

08.4 

22 2 

45 

40,| 

17,0 

98,9 

83.0 

12.3 

04.9 

29.8 

<10 

51,2 

21,1 

90.1 

104.3 

M.O 

58,6 

35.7 

73 

<i2.l 

24.4 

91.5 

1 25,9 

15.2 

51.0 

39.0 

00 

< il,it 

20.0 

84.5 

147.4 

14,3 

40,8 

40,9 

103 

87,2 

20.0 

71.1 

174.8 

9,0 

23.3 

30.2 

109.3 

90.7 

23,0 

55.5 

194.0 

2.4 

5,2 

25.4 


Unstable operating field 









< ’ns 

'r 


< ns ^ 

r 

P k m 

kW 

Amp. 

k\V 

*», 

n 

Amp. 

k\V 

o/ 

o 

k\V 

18.7 

39,0 

14,8 

80.8 

77.9 

17.8 

90,2 

32,5 

15 

55.0 

18.0 

75,5 

1 10.2 

24.3 

93, 1 

42.3 

10 

03,4 

18,7 

08, S 

1 25.9 

20.9 

tm,2 

45.0 

5 

03.9 

18,7 

03,3 

137.0 

28,4 

87,7 

17.1 

o 

73,2 

18.4 

58.5 

145,0 

29,4 

85,5 

47.7 

15 

83.4 

10,2 

15.3 

105.3 

30.0 

78.0 

40.8 

30 

90,0 

13.0 

3.3.0 

I 80.0 

30.1 

70.7 

43.2 

45 

95,9 

9,1 

22.1 

190,8 

28.4 

02,9 

■ 17,5 

00 

100,2 

4.3 

lo.| 

199.2 

25,0 

54,3 

29,9 

7.» 

103,0 

1.3 

2,9 

205,0 

21,5 

44.3 

20,3 

90 

104.4 

i . i 

17,3 

207,7 

16,1 

32,7 

8.4 

105 

102.5 

10.0 

37.7 

205,0 

0,5 

13,4 

lo.l 

109,8 

90.7 

23.0 

55,5 

194.0 

*» 4 

5,2 

25.4 


After these results the characteristic lines of the machine are 
represented as function of the inner output in Fig, 47. 


113 


/119 







f 




ANNEX II 

Calculation examples from the compensation circuits 


Data : As an example we take the calculations of the operating 
curves of one of the cases mentioned in chapter (8.2.). We are 
taking the first case, generator operation of machine I with the 
following values of the voltages of the machine: 

U 8 - 150 Volt, U r - 75 Volt. 

The induced voltage referred to the stator at 50% of the nominal 
output is about 153.9 Volt after the results of the load experiment. 
The corresponding value of is, after Fig. 49: 

A',,. 24 55 Ohm 

The data of the calculation being: 

Jt< =l.u X„' = 1.30 n r = 0,405 X a = 0,355 Ohm 
A' /lt = 24,55 Ohm, - 150 Volt, V t -1 75 Volt 

= 2.00 (constructional asymmetry) 

The compensation constants are obtained in the same way as in Annex I . 
They are : 


Stator : 

H ti 4,03 Ohm 
A',, -m • 1,03 Ohm 
A'„„ = + 47,72 Ohm 


Rotor : 

li' t - + 2.088 Ohm 
A',’ - + 0,048 Ohm 
A / ' -_+ 13,43 Ohm 


For the given 
lations are valid 


circuit it is simple to prove that the following re 
for any chosen value of the parameter. 


R 




\u 



./ 


\(r+A) 


f ,1 )• + /** 1 V-'m' 


r - 


-r*.r 


(r + .4)*+ It* 


Terminal output: 




./- II 
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where: 


„ . r% • ** r: r 

jRiQtt*'- PpJJ* * 

OF POOR QUALlTr 


W • A',. 

~ V* 2 + (* + *„)* 
/< • A',f 

= /<* + (* + A,)* 


Volt 

Ohm 


nv(.v + .v, l)+ ^ 

jp + (A'+jr„)* 


Using this relation a considerable simplification in the calcu- 
lations is obtained. For various values of the parameter r 8 the cor- 
responding values J 8 , Pi 8 and P|t 8 are calculated. For various values 
of the parameter rr of the rotor circle the corresponding values of 
J r and P* r are calculated and J r is drawn as function of the inner 
output Pi r . Since now Pi 8 always equals Pi r the values of the rotor 
current corresponding to the chosen values of the paramer r 8 can be 
determined from the curve J r “ f(Pi r ). Then the calculations of the 
rotor circle for the obtained values of rotor current can be com- 
pleted. The calculations are given in the following tables and the 
connecting curve is drawn next to it. 

Rotor : e ■ 74.0 Volt 

A ■ +2.03 Ohm 
B - 0.3623 Ohm 

Calculations : 


( Mini 

./ r . Amp. 

/*. . W«t< IMmut 1 

- / 

•VMI5 

- 411,2 

- 20 

0,72 

174,0 

It 

m,02 

404,7 


turn 

OOl 

- s,:t 

i:t.H2 


i ■. . > 

iH.:t 

1221 



1010 


Stator : 


e - 146.2 Volt 
A - - 4.4 Ohm 


ORIGINS F * *. 

OF PCOfc sjiuAi.IV’ 


Calculation of the operating curves, 150/75 Volt, 
generator operation. Connection of both sides. 



Calculations : 



./ 

* 


|’|M 

'r 

,M * 



V 

( Him 

A *««|». 

Will! IMm** 

II 

Amp. 

. ii 

\\ 

\i\\ 

**>v 



r»t.t 

• 1,45 


*.i:s 

0 . 24:1 

(i,0H(i 

24/r» 


:i.->5 

271.5 

■ 

7.55 

4.1.: i 

1.51.1 

*2 'j!M» 

(4(4. Id 

1 1 

4.11 

4t»V4 

i « . « 


r» i ,i » 

2. 707 

.1.H5 1 

7(4.145 


A/Jii 

72*.:! 

S'1,11 

1 2.55 

(•'.Hi 

1,05(1 

5.* CM* 

Ml, till 

'll 

l», I'.i “• 

•I.V.I.O 

•1.1. •* 

15.25 

71.1 

i*i, jHIt 

14. ( 1 5 

*2.40 

f 1 


IS7 u» 


IV* 

7* r *» 

•i.M I 

S.1M5 

*1,.70 

1" 


imiM.o 


i 

Ni9.lt 

V # :*.» 

|n I'l., 

H.1,15 


The characteristic lines of the machine are drawn in Fig. 56 
chapter (8.2.)) after this table. 
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